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Preface 



The purpose of this volume in the Progress in Inflammation Research series is to 
provide the biomedical and clinical researcher with a state-of-the-art insight in the 
role of cytokines in joint inflammation and joint destruction. This is of relevance for 
better understanding of key processes in diseases such as rheumatoid arthritis (RA) 
and osteoarthritis (OA). Apart from the impact of old and novel cytokines on joint 
tissues, the various chapters address the issue of targeted therapy with biological 
response modifiers and future interventions with carefully designed inhibitors. Spe- 
cial attention is given to elements of synovial cell activation, cell-cell interaction, 
cytokine interplay as well as mechanisms of cartilage destruction and bone erosion. 

In addition to an outline of the role of established cytokines, such as TNF, IL-1 
and IL-6, new information is given on the novel cytokines IL-1 5, IL-1 7 and IL-1 8 
and their positioning in the complex cytokine interplay. Cytokine regulation of 
destructive enzymes, RANKL, the endogenous inhibitor OPG and their crucial roles 
as central players in joint erosion are highlighted. Together, the chapters provide a 
complete and balanced view on pivotal cytokines and joint pathology. 



January 2004 



Wim B. van den Berg 
Pierre Miossec 




The role of tumour necrosis factor in rheumatoid arthritis 



Ravinder N. Maini 

The Kennedy Institute of Rheumatology Division, Faculty of Medicine, Imperial College, 
1 Aspenlea Road, London W6 8LH, UK 



Introduction 

More than a century has passed since ‘Coley’s toxins’ obtained from filtered media 
of bacterial cultures were utilized to treat sarcomas. The rationale was based on the 
apparent regression of a sarcoma in a patient who developed erysipelas [1-3]. The 
results of the intervention, though apparently occasionally successful and undoubt- 
edly toxic, inspired later work which led to the description in 1975 of tumour necro- 
sis factor (TNF). TNF referred to a soluble serum factor induced by hyperimmu- 
nization of mice with Bacillus Calmetre-Guerin and bacterial endotoxin. This factor 
induced necrosis of methylcholanthrene-induced sarcomas in mice [4]. Initial inter- 
est therefore focussed on the tumourocidal properties of TNF, but its role in immu- 
nity and inflammation only became apparent after isolation and characterisation of 
the molecule. In this review the focus will be on the biology of TNFa and a histor- 
ical approach to the definition of TNFa as a therapeutic target that has heralded 
three blockbuster drugs and consolidated the future of ‘biodrugs’ as an important 
sector of future pharmaceutical products. 



TNFa, its receptors and ligand-receptor interactions 

In a series of papers published in the 1980s the cDNA of TNFa and its receptor 
were cloned, expressed and the protein products sequenced and tested in biological 
systems by a number of laboratories [5-10]. From these studies followed the reali- 
sation that TNFa was identical to cachectin and related to lymphotoxin (also know 
as TNF (3), and that both TNFa and lymphotoxin could bind to two TNF receptors, 
referred to as TNF RI (or p55-TNF) and TNF RII (or p75-TNF R) [11-17] (Fig. 1). 
In the following pages and following recent convention, the acronym TNF is used 
without the a to describe TNFa and not the growing family of TNF related mole- 
cules. 



Cytokines and Joint Injury, edited by Wim B. van den Berg and Pierre Miossec 
© 2004 Birkhauser Verlag Basel/Switzerland 



1 




Ravinder N. Maini 




Figure 1 

TNF and lymphotoxin bind to TNF receptor 7 and TNF receptor 2. 



Subsequent structural analysis revealed that secreted TNF and lymphotoxin, in 
their naturally occurring soluble form, consisted of a pear-shaped trimer formed by 
non-covalent linkage of newly synthesised monomers. However, TNF exists as a 
biologically active entity as a membrane-bound precursor as well as a soluble mol- 
ecule and is produced by many cell types. Lymphotoxin exists only in a soluble form 
and, unlike TNF, is produced exclusively by T cells. Soluble TNF is released by enzy- 
matic cleavage mediated by a membrane metalloproteinase, known as TNF-con- 
verting enzyme (TACE), later termed ADAM-17, a member of the disintegrin and 
metalloproteinases (adamolysin) family. 

The newly-synthesised TNF monomer of 26 KDa is cleaved to a 17 KDa mature 
form. The TNF trimer interacts with its receptor via binding sites located in the 
three grooves between the subunits [18]. Since the TNF receptors are being con- 
stantly shed in a soluble form, the binding of soluble TNF receptors to TNF leads 
to neutralisation of TNF bioactivity and acts as a homeostatic negative feedback 
mechanism (Fig. 2). Binding of TNF to TNF receptors causes aggregation of the 
monomers in the plasma membrane, and recruitment of proteins such as TNF-R- 
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Figure 2 

TNF trimer when bound to soluble TNF receptor neutralizes its bioactivity 
Binding of TNF trimer to cell surface receptor leads to aggregation and signalling. Activation 
of MAP kinase pathways and NF-kB results in inflammatory responses. Activation of cas- 
pases leads to apoptosis. 



associated factor 2 and Fas-associated death domain that initiate intracellular sig- 
nalling. Intracellular signalling activates several pathways including three MAP- 
kinases and NF-kB [19, 20], which in turn result in an inflammatory response via 
gene transcription of proinflammatory molecules (Fig. 2). Recent interest has 
focussed on developing small molecular weight compounds that inhibit signalling 
pathways employed by TNF [21]. 

Alternatively, signalling may eventuate in apoptosis via activation of caspases 
(Fig. 2). There appears to be a reciprocal relationship between inflammatory and 
apoptotic signalling so that only one of them predominates. 

TNF production is regulated at the transcriptional, post-transcriptional and 
translational levels. At the level of mRNA, production of TNF is regulated by pro- 
teins that bind to AU-rich elements (AREs) in the 3’ untranslated region. These pro- 
tein-mRNA interactions curtail or prolong the half-life of message. An example of 
one such regulatory protein is tristetraprolin (TTP), a member of the zinc-finger pro- 
tein family, which by binding to AREs increases the stability of TNF mRNA. TTP 
knockout mice overproduce TNF and have a phenotype characterised by an inflam- 
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matory polyarthritis, dermatitis and autoimmunity [22]. The importance of AREs 
in stabilizing mRNA and biosynthesis of TNF was more directly demonstrated by 
Kollias and colleagues [23]. In their experiment, deletion of AREs produced a mouse 
phenotype which developed polyarthritis and inflammatory bowel disease. Interest- 
ingly, backcrossing this mouse with immunodeficient RAG- 1 -mice (thus creating a 
double deficiency) abolishes the inflammatory bowel disease but perpetuates pol- 
yarthritis, thus emphasising the role of T and B cells in full expression of inflam- 
matory bowel disease, and sufficiency of overproduction of TNF alone in the devel- 
opment of rheumatoid-like arthritis. 

The critical interaction between TNF receptors and its ligand has been investi- 
gated further. It appears that the three terminal domains of the receptor are neces- 
sary for binding to TNF, and a truncated molecule of the receptor lacking the prox- 
imal C’-domain close to the plasma membrane retains its binding affinity for TNF 

[24] . The anti-TNF specific monoclonal antibodies, infliximab and adalimumab, 
bind specifically to the TNF trimer to epitopes that also bind to the receptor and 
hence inhibit the capacity of TNF to bind to TNF receptors on cells (Fig. 3). The 
terminal soluble TNF receptor domains can bind to both TNF and lymphotoxin and 
similarly inhibit the ligand binding to its receptor. The inhibitory property has been 
exploited to construct the soluble p75-TNF receptor-immunoglobulin fusion protein 
etanercept (the receptor acts as an inhibitor and the immunoglobulin portion 
improves its pharmacokinetics). In rheumatoid arthritis (RA) TNF is overproduced 
and little, if any, lymphotoxin is expressed at the protein level in diseased tissues 

[25] and hence therapy has focussed on targeting TNF 

A TNF molecule containing single or double mutations has been recently con- 
structed that inactivates naturally occurring TNF by sequestration [26]. The mutant 
TNF forms heterotrimer TNF molecules by displacing one or more naturally occur- 
ring monomers, and prevents binding of TNF to the receptor and its signalling func- 
tion. It has been suggested that one of the mutant homotrimer constructs can also 
occupy the cell-bound TNF receptor without initiating signalling, and thus inhibit 
the binding of TNF to its receptors in a fashion similar to the antagonistic activity 
of IL-lra [27]. An engineered TNF variant used as a PEG-therapeutic molecule 
reduced joint swelling when administered to the rat collagen induced arthritis model 
after onset of symptoms [26]. 



Biosynthesis of TNF in RA and experimental arthritis 

Biosynthesis of TNF in the joints in RA appears to be predominantly located in 
macrophages in the lining layer and intima of the synovial membrane. In addition, 
TNF is produced by cells in pannus invading cartilage [28, 29]. In the collagen- 
induced model of inflammatory and destructive arthritis in DBA/1 mice, a study of 
cellular kinetics shows sequential production of cytokines with TNF secreting cells 
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Figure 3 

Inhibitors of TNF and lymphotoxin 

Infliximab and adalimumab are examples of monoclonal antibodies that specifically bind 
and inhibit TNF only Etanercept is an example of a soluble TNF receptor fusion protein, 
which binds to TNF and lymphotoxin and inhibits both. Binding to ligands prevents access 
to TNF receptors and signalling. 



appearing before cells producing IL-1 (3 and IL-6 in the early phase of onset of clin- 
ical arthritis [30]. These cells (mostly macrophages) are located in the lining layer, 
intima and pannus tissue contiguous with cartilage and bone (Fig. 4) supporting the 
hypothesis that local paracrine activity of TNF amplifies the cytokine network in 
this model of RA. A study of murine models has also demonstrated that mesenchy- 
mal precursor cells migrate into the joints from the bone marrow via enlarged bony 
canals before leukocyte infiltration is established in joints of mice immunized with 
adjuvant alone or with collagen II. This adjuvant-induced cellular infiltration, pre- 
sumably signalling via TOLL-receptors, is abrogated by anti-TNF treatment and, as 
predicted, is absent in TNF p55/75 knock-out mice [31]. Thus it appears that in 
CIA, TNF is implicated in recruitment of mesenchymal cells in the pre-arthritic 
innate-immune conditioning phase and recruitment of T and B cells in the immune- 
mediated inflammatory and destructive chronic phase of arthritis. 
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Figure 4 

TNF producing cells in pannus invading cartilage in collagen induced arthritis 
The photomicrograph shows an immunostained section of a mouse joint with TNF produc- 
ing cells (i) in close proximity and overlying cartilage (C). Pannus Tissue (P) is shown as well 
as bone (B) and bone marrow (BM). 



TNF as a therapeutic target: preclinical rationale 

Access to molecular probes to an increasing list of cytokines from the mid-1980s 
made it possible to describe their expression profile in RA. Essentially the list 
includes many proinflammatory cytokines, chemokines and growth factors as well 
as inhibitors and anti-inflammatory cytokines [32]. The known biological activities 
of each of these molecules appears relevant to our understanding of the disease 
process and the complex inter-connectivity of immunological, inflammatory, tissue 
destructive and remodelling responses that are characteristic of RA. However, two 
basic principles have emerged that help us to conceptualise a coherent biological 
model of understanding the role of these molecules in disease. 

First, that chronic inflammation is perpetuated by the action of a range of these 
molecules despite attempts at homeostasis by reversing or inhibiting their action by 
other biologically active molecules produced simultaneously. This loss of homeosta- 
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Figure 5 

Loss of homeostatic balance between the expression of cytokines , chemokines and growth 
factors and their inhibitors in rheumatoid joints. 



sis gives rise to an imbalance between a proinflammatory and a counter-inflamma- 
tory drive (Fig. 5). 

Second, that despite the apparent overlapping activities, and hence the inbuilt 
redundancy of the cytokines expressed in RA, there appears to be a dominant role 
for TNF in regulating the inflammatory response. Other cytokines may also play a 
more restricted role in disease pathogenesis in man that may be predicted from in 
vitro experiments and study of animal models. Despite these reservations a key role 
played by TNF in RA did emerge from a number of observations made on tissues in 
vitro and in animal models. Most significant were the following: 

- Demonstration of overproduction of TNF and TNF receptors in adjacent cells in 
areas of inflammation and tissue destruction in the synovium and pannus [28, 
33]. 

- Demonstration that TNF regulates the production of IL-1 in vitro. This was 
shown by obtaining disaggregated cells of the synovial membrane from RA 
patients and by measuring specific suppression of IL-1 production by anti- 
TNF antibody [25]. Later this observation was extended to the production of 
GM-CSF, IL-6 and IL-8 [34]. These results underpinned the original hypothe- 
sis that TNF was of pivotal importance as a controller of inflammation (Fig. 
6). 
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Figure 6 

The key role of TNF in the cytokine network and recruitment of multiple mediators in induc- 
ing inflammation plus cartilage and bone damage 

This concept has been validated in RA by clinical trials of agents that inhibit TNF, IL-1 and 
IL-6. 



- The significance of the role of TNF in a physiological system was investigated in 
the collagen-induced arthritis model of RA. In this model, treatment with a mon- 
oclonal anti-TNF antibody initiated immediately after the onset of clinical arthri- 
tis reduced inflammation and prevented serious cartilage and bone damage [35, 
36] (Fig. 7). Around the same time Kollias and colleagues demonstrated the 
arthritogenic properties of human TNF in a mouse model over-expressing the 
TNF gene modified at the 3’ end to stabilize mRNA expression [37]. Moreover, 
the arthritis was prevented by treatment with anti-TNF antibody commenced 
soon after birth. 

- Taken together these preclinical data provided the rationale for targeting TNF in 
the early 1990s. 



Anti-TNF therapy provides clues to role of TNF in RA 

Therapeutic intervention clinical trials have provided an opportunity to gain 
insights into the role of TNF in RA by investigating the mechanism of action of anti- 
TNF agents (for reviews see [38] and [39]). Already from the very first ‘open-label’ 
clinical trial of infliximab (Remicade®) in 1992/93 (then known as cA2), used in the 
treatment of RA, a profound reduction in the acute phase C-reactive protein, asso- 
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Figure 7 

Monoclonal anti-TNF antibody reduces the severity of collagen-induced arthritis in DBA-1 
mice 

The antibody was administered after signs of inflammation first appeared. A dose related 
inhibition of inflammation (paw thickness), and destruction of cartilage and bone is shown 
(from Williams, Feldmann, Maini (1992). Proc Natl Acad Sci USA 89: 9784). 



dated with a reduction in its induced interleukin-6 (IL-6) and reduction in rheuma- 
toid factor, was observed [40]. 

A randomised placebo-controlled trial of infliximab [41] further substantiated 
the role TNF plays in controlling IL-6 production and serum concentrations (Fig. 8). 
Stability of IL-6 levels in placebo-treated patients and a dose-related reduction in 
patients receiving infliximab clearly demonstrated that neutralisation of TNF (pre- 
sumably in rheumatoid joints) had a rapid effect on IL-6 production and a conse- 
quential reduction of CRP, serum amyloid A protein and haptoglobin production by 
the liver [42]. In the same trial, a reduction of blood levels of IL-1 (3 following inflix- 
imab was noted in a subgroup of patients treated in Erlangen, Germany [43]. More 
recently it was shown that TNF blockade with infliximab downregulates the pro- 
duction of IL-18 [44] and etanercept downregulates IL-13 [45]. Thus the TNF medi- 
ated regulation of the cytokine network postulated from in vitro experiments [25] 
appeared to have a clinical relevant counterpart in vivo. 

A striking feature of anti-TNF therapy is the rapid reduction in swelling and ten- 
derness of joints. Serial tissue biopsies and imaging technologies have provided evi- 
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Day 



Figure 8 

Reduction of serum IL-6 following administration of infliximab (cA2), 1 mg/kg or 10 mg/kg 
compared with no change following placebo (Based on: Charles et al (1999) J Immunol 163: 
1521-1528, including unpublished data.) 



dence that following infliximab this is due to a reduction in the mass of inflamma- 
tory tissue [46]. Since infliximab is capable of mediating cell death of TNF express- 
ing cells via complement mediated or antibody-dependant cell cytoxicity in vitro 
[47, 48], the possibility has to be considered that such a mechanism could operate 
in vivo. However, no increase in apoptotic cell death is evident in serial biopsies 
from rheumatoid patients following infliximab [49]. Moreover, etanercept is not 
lytic in vitro but has a clinical action on inflammation similar to that observed with 
infliximab suggesting other mechanisms are involved. On the other hand, in inflix- 
imab treated Crohn’s disease patients, apoptosis of T cells in the lamina propria 
have been documented [50]. 

In contrast to the uncertainty about cell death, there is ample evidence that 
infliximab does reduce cell recruitment into inflamed joints. Thus a single infusion 
of infliximab at 1 or 10 mg/kg leads to decreased serum concentrations of soluble 
ICAM-1 and soluble E-selectin at the same time as a transient and significant dose- 
related increase in lymphocyte counts [51]. This indirect evidence, suggesting 
decreased adhesiveness of blood vessels and retention of lymphocytes in the circu- 
lation, is supported by reduction of immunoreactive adhesion molecules E-selectin 
and VCAM-1 in serial synovial biopsies following infliximab [52]. The possibility 
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Figure 9 

Infliximab therapy reduces expression of adhesion molecules E-selectin and VCAM-1 and 
chemokines IL-8 and MCP1 in synovial biopsies from RA patients before and after a single 
treatment with infliximab (Based on: Tak PP et al (1996) Arthritis Rheum 39: 1077-1081, 
and Taylor PC et al (2000) Arthritis Rheum 43: 38-47.) 



that cell recruitment and trafficking are affected seemed likely since serial biopsies 
also demonstrated a reduction in chemokines IL-8 and MCP-1 [53] (Fig. 9). 

Direct evidence supporting this hypothesis is forthcoming from experiments 
demonstrating a reduced uptake following infliximab of autologous indium-111 
labelled polymorphonuclear cells in the knees, wrists and hands visualised by a 
gamma camera [53]. 

Angiogenesis is a characteristic early and ongoing feature of rheumatoid syn- 
ovitis and plays a part in increased delivery of inflammatory cells and mediators 
of inflammation and tissue destruction. Vascular endothelium growth factor 
(VEGF) concentrations are increased in rheumatoid joints and serum of RA 
patients and the latter correlates with joint damage assessed by radiographs at one 
year [54]. Reduction of VEGF following infliximab thereby has been observed 
[55] and likely contributes to reduced vascularity and reduced av(33 immunos- 
taining of new blood vessel formation in tissue biopsies [38]. It may also explain 
the reduction in vascular signals detected by colour Doppler sonograpy [56] and 
reduced vascular leakage of gadolinium by magnetic resonance imaging (MRI) 
[57]. A reduction in angiogenesis, as well as decreased production of matrix met- 
alloproteinases [58] following anti-TNF therapy, may explain the inhibition of 
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joint space narrowing (cartilage loss) and bone erosions that have been docu- 
mented in clinical trials [59, 60]. 

Since bone damage in RA is mediated by osteoclasts, anti-TNF therapy may 
additionally influence osteoclast formation and activity by reducing recruitment of 
monocyte precursors. Anti-TNF therapy could also block differentiation signals to 
osteoclasts directly delivered by TNF and indirectly by inactivation of TNF-induced 
expression of RANK-ligand on T cells and synoviocytes. Indirect evidence of an 
effect on this biological system in RA has been demonstrated by the observation that 
elevated concentrations of soluble RANK-ligand in blood are normalised by inflix- 
imab [61]. RANK-ligand activates the RANK receptor on osteoclasts and plays a 
critical role in bone resorption [62]. In the transgenic strain of mice Tgl 97 devel- 
oped by Kollias [37], neutralisation of TNF by infliximab instituted after disease 
onset not only inhibited bone and cartilage damage but led to regeneration of these 
tissues [63]. The regenerative effect of remodelling of bone is accentuated by co- 
administration of infliximab and osteoprotegerin in this mouse model, thus block- 
ing TNF and RANK-RANK-ligand interactions [64, 65]. 

Why does anti-TNF therapy require continuing treatment? The answer to this is 
partially answered by the finding that TNF blockade is due to trapping of bioactive 
TNF in a complex of TNF and inhibitor that is detectable as increased immunore- 
active TNF in the circulation following therapy, and not due to abolition of biosyn- 
thesis. It is also apparent that while TNF-driven proinflammatory cytokine produc- 
tion is reduced, it is rarely completely suppressed. At the same time, TNF inhibition 
also reduces soluble TNF receptor and IL-lra levels [42] and hence the imbalance 
between pro- and anti-inflammatory effects of TNF and IL-1 is not restored to nor- 
mal. A recent study of cytokines in blood following adalimumab has similarly 
shown lack of restoration of homeostasis since reduction of IL-6 was observed but 
not soluble TNF receptors or IL-IRa concentrations. Moreover, no reduction in 
TNF was apparent in synovial tissue biopsies [66]. 

The lack of universal response to TNF blockade is not understood and does not 
correlate with baseline features of disease activity or serological status. However, 
there is a relationship between high TNF production in synovial biopsies and a good 
clinical response [67]. There is some evidence of differences in the genotype of 
responders and non-responders [68, 69] but insufficient with current knowledge to 
be of predictive value in individual patients. 



TNF modulates immune function in RA 

Suppression of delayed hypersensitivity skin reactions and lymphocyte activation to 
recall antigens is a recognised feature of RA. Altered T cell responses (endogenous 
disease-related immunosuppression) may result from chronic exposure to TNF. In 
vitro experiments have shown this to be a consequence of downregulation of the £, 
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chain of the T cell receptor complex (reviewed by Cope [70]). In RA patients treat- 
ed with infliximab, depressed lymphocyte proliferative responses in vitro to a recall 
antigen (tuberculin PPD) and phytohaemaglutin were restored to normality [71], 
suggesting recovery of memory function. However, in patients treated with etaner- 
cept, mitogen induced responses in vitro and skin delayed hypersensitivity reactions 
were not significantly different from patients treated with placebo [72]. It is possi- 
ble to envisage that if in patients with expanded autoreactive T cell clones (for 
example to antigens in the central nervous system or to nucleosomal antigens) 
treatment with anti-TNF agents leads to restoration of suppressed function of the 
T cell receptor, it could unmask autoimmune reactions and disease (such as appear- 
ance of antinuclear antibodies, SLE and multiple sclerosis) as a rare undesirable 
side effect. 

It has been proposed that IL-15 expressed by macrophages in rheumatoid joints 
provides the signal for TNF overproduction [73]. Chronic stimulation of T cells 
with a mixture of cytokines, including TNF IL-15, IL-2 and IL-6, induces a pheno- 
type resembling activated T cells in RA joints [74]. Through cell to cell contact 
mediated interactions with macrophages in an experimental approach described by 
Dayer [75, 76] these cytokine-conditioned T cells activate macrophages to produce 
proinflammatory cytokines (IL-1, TNF and metalloproteinases (MMP-1 and MMP- 
3) via NF-k( 3 pathway [77]. This proinflammatory cytokine-dependent mechanism 
of T cell activation thus acts as a positive feedback amplification loop and shifts the 
balance from adaptive immune (T cell receptor dependent) responses to the innate 
immune (cytokine dependent) pathway in chronic RA. Recovery of regulatory sup- 
pressor T cell phenotype (CD4 + CD25 + ) and function in vitro following anti-TNF 
therapy has recently been reported [78] adding to the complexity of effects of TNF 
on immune function in RA. 

It is noteworthy that in a Phase III trial, infliximab treatment, but not placebo 
plus methotrexate, leads to a reduction in rheumatoid factor concentrations [79]. 
The reduction is evident even in the patients in whom a rise in IgM class of anti-ds- 
DNA antibodies is documented in a controlled study [80]. The apparent paradox 
may be explained by the reduction by infliximab, on the one hand, of the cytokines 
that stimulate B cell activity (e.g., TNF and IL-6) involved in rheumatoid factor pro- 
duction. On the other hand, infliximab reduces CRP (and other acute phase pro- 
teins) very rapidly thus impairing their role in binding to and clearing nucleosomal 
antigens released by tissue destruction in active RA, and thereby promoting antigen- 
induced antinuclear antibody formation [80]. 



Anti-TNF therapy in the clinic 

At the end of 2003 infliximab and etanercept are already well established in the clin- 
ic, with an estimated 0.5 million patients exposed to them, the majority for RA. 
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Adalimumab became available in 2003 and sales figures suggest it is already pene- 
trating an expanding market. The absence of head-to-head trials does not make it 
possible to compare their efficacy with confidence. Nevertheless, a recently pub- 
lished analysis suggests similar efficacy of the three drugs [81]. Comparison of safe- 
ty beyond that observed in clinical trials is also problematical since safety profiles 
post-marketing may reflect the volume of sales and the differences in populations 
exposed rather than real differences in action, e.g., more patients worldwide (espe- 
cially Europe) have been exposed to infliximab than to etanercept which has thus 
far been more extensively used in North America. Salient features of the three drugs 
are discussed here. 



Lessons learned from clinical trials of infliximab 

By the end of the 1980s sufficient evidence had accumulated to hypothesize that 
TNF may be a good therapeutic target. The history of the antecedents and early 
experience of collaboration in an investigator-led study, between the Kennedy Insti- 
tute and industry, which led to a trial of TNF blockade in RA patients for the first 
time, has been recently documented [82]. In the first open-label trial, 20 patients 
with RA with active disease, despite prior treatment with multiple drugs over the 
previous decade, were treated with divided doses over two weeks (total/wk 20 mg/ 
kg), of a chimeric monoclonal antibody cA2, now known as infliximab or Remi- 
cade® [40]. 

This trial demonstrated all the features recognised as characteristic of anti-TNF 
therapy, e.g., a rapid amelioration of signs and symptoms, improvement in physi- 
cal function and a trend towards normalisation of abnormal laboratory measure- 
ments in the majority of patients. However it was soon apparent that the remark- 
able suppression of inflammation only lasted a few weeks and repeated long-term 
therapy would be required for this therapeutic. Seven patients were therefore re- 
treated following recurrence of disease activity up to four times over a period of 
observation extending over a year [41]. Each repeat infusion was accompanied by 
a rapid therapeutic effect of the same magnitude as the initial treatment, thus 
encouraging the belief that long-term treatment with a biological might be feasible. 
However, with successive exposures, the duration of control diminished in a pro- 
portion of patients raising the possibility that tachyphylaxis might limit long-term 
therapy in some patients. An approach to circumventing the problem was raised by 
the finding of synergy of action of a combination of anti-TNF and anti-CD4 mon- 
oclonal antibodies in the murine collagen-induced arthritis model [35]. In this 
model the benefit was partially attributed to improved pharmacokinetics of the 
xenogenic monoclonal antibody to suppression of an anti-globulin response. 

In the 1990s methotrexate treatment of RA was gaining credibility as the ‘gold 
standard’ disease modifying anti-rheumatoid drug. Since methotrexate had anti- 
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inflammatory and immunosuppressive properties, it was reasoned that a combina- 
tion of methotrexate and infliximab might reproduce the added benefit observed in 
a model of RA. A parallel arm randomised controlled study was preformed on 
methotrexate treated patients with an incomplete control of RA [83]. Three groups 
were each treated with infliximab monotherapy or combination of infliximab and 
methotrexate versus placebo infusions and methotrexate, the dose of methotrexate 
being fixed at 7.5 mg/week. The results of this trial demonstrated that the chimeric 
infliximab as monotherapy lost efficacy with repeated therapy at a low dose (1 
mg/kg) and was immunogenic in - 50% of patients treated at this low dose at four- 
weekly intervals. Efficacy was retained and immunogenicity of infliximab reduced 
at 3 mg/kg and 10 mg/kg doses. In contrast, combination therapy was efficacious 
and comparatively non-immunogenic at all three doses of infliximab. Closer analy- 
sis showed that a greater suppression of disease activity, lasting for a longer dura- 
tion in the follow-up period after cessation, was obtained in patients on combina- 
tion therapy. The improved efficacy was related to improved pharmacokinetics of 
combination of infliximab 1 mg/kg plus methotrexate, but at higher doses of inflix- 
imab was probably associated with improved pharmacodynamics, since pharmaco- 
kinetics were similar [83]. These findings established the strategy for long-term tri- 
als and combination of infliximab and methotrexate is the licensed indication of this 
anti-TNF drug. 

The greater efficacy of a combination of anti-TNF therapy with methotrexate 
has now been demonstrated for etanercept (presented at EULAR 2003, Lisbon) and 
adalimumab [84]. Since failure to respond to methotrexate is used as a prime indi- 
cation for anti-TNF drugs, the addition of anti-TNF drugs to methotrexate as a 
management strategy is now widely used in clinical practice. 

A Phase III randomised placebo controlled trial tested the efficacy of a combi- 
nation of infliximab and methotrexate at a median dose of 15 mg/wk (the 
ATTRACT trial) in patients with moderate-to-severe RA with longstanding dis- 
ease and significant disability despite prior treatment with multiple DMARDS. 
The three primary endpoints have demonstrated similar efficacy of infliximab at 
all four doses used (3 mg/kg and 10 mg/kg every four or eight weeks) versus place- 
bo plus methotrexate in control of signs and symptoms at 24 weeks [79], radi- 
ographic scores of joint damage at 54 weeks [59] and physical function at 102 
weeks [85]. 

The details of the results are published and are the subjects of other reviews, but 
a number of conclusions of the efficacy of infliximab are summarised here: 

- The control of disease activity is significant and durable over two years in -50% 

of patients although a decline occurs between 28 and 54 weeks in the proportion 

of responders at the lowest dose (3 mg/kg every eight weeks). 

- There is marked inhibition of radiographic progression of joint damage at one 

year (both joint space narrowing of cartilage loss and bone erosions) while pro- 
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gression is seen in patients on placebo and continuing methotrexate therapy in a 
population of patients with significant joint destruction at baseline. 

- In almost half the patients, radiographs show a reduction in joint erosions sug- 
gesting the possibility that healing may occur. 

- There is significant improvement in physical function, vitality and social func- 
tioning sustained over two years despite a significant impairment and disability 
at baseline. 

- A significant reduction in CRP and rheumatoid factor is apparent by 28 weeks 
and maintained thereafter. 

- There appears to be inhibition of joint damage in infliximab-treated patients 
despite continuing disease activity suggesting dissociation in the mechanisms 
causing joint damage and inflammation. 

- A recently completed randomised placebo controlled trial of a combination of 
infliximab and methotrexate in early RA patients, not previously exposed to 
methotrexate, has demonstrated superiority over methotrexate monotherapy (up 
to 20 mg/week in clinical and radiographic measurements [86]). 



Etanercept is efficacious as monotherapy and in combination with 
methotrexate long-term 

Phase II and III clinical trials of etanercept for the treatment of RA began after ini- 
tial infliximab trials and progressed rapidly to demonstrate efficacy of monothera- 
py in DMARD unresponsive randomised placebo-controlled trials [87, 88]. An opti- 
mum dose of 25 mg twice a week by subcutaneous injection was established. This 
p75-TNF receptor Fcyl fusion protein is not entirely non-immunogenic but the 
induced immune response is claimed not to limit efficacy for long-term therapy. 

In a randomised controlled trial in patients with persistent disease activity 
despite methotrexate therapy, the addition of etanercept was more efficacious than 
continuing methotrexate monotherapy [89]. A further trial in early RA demon- 
strated monotherapy with etanercept to be superior to methotrexate monothera- 
py (up to 20 mg/week) in controlling signs and symptoms at six and 12 months 
and in retarding radiographic scores of joint damage and improving physical func- 
tion at the end of two years [60, 90]. In addition, patients with longer standing 
disease, treated in a parallel arm randomised study with a combination of etaner- 
cept and methotrexate, proved to be more efficacious than monotherapy with 
either etanercept or methotrexate (the results of TEMPO trial presented at EULAR 
2003). 

Etanercept therapy has proved efficacious in a subset of clinical trial patients 
continuously treated for a median of 44 months with good tolerability [91]. In a 
proportion of these patients it proved possible to reduce concomitant therapy with 
corticosteroids and methotrexate. 
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Etanercept is the first anti-TNF drug licensed for the treatment of RA, is also effi- 
cacious in the treatment of juvenile chronic arthritis [92] and the only anti-TNF 
drug licensed for this disorder to date. 

In a recent study some non-responders to etanercept achieved satisfactory 
responses to infliximab and vice versa [93]. The practical implication is that switch- 
ing from one anti-TNF drug to an alternative may be justified in patients to whom 
other effective options may not be available. 



Adalimumab 

Adalimumab, a fully human IgGl monoclonal anti-TNF antibody derived by phage 
technology, is the latest to gain approval for the treatment of RA. In randomised 
clinical trials involving over 2000 patients to date, efficacy in improving symptoms, 
signs, physical function and inhibiting structural damage for monotherapy and in 
combination with methotrexate [84, 94-96] has been observed. Combination ther- 
apy shows greater efficacy than monotherapy. 

Adalimumab is administered by subcutaneous injection at a dose of 20-40 mg 
every two weeks and the time interval between injections of this drug increases the 
option of regimens of anti-TNF drugs available to patients. 

The clinical trial data also shows the superiority of anti-TNF therapy over 
methotrexate monotherapy in early RA, especially in preventing joint damage, in 
studies extending one to two years. Intuitively speaking, it argues for the early use 
of these drugs and studies are being planned for testing intervention within the first 
12 weeks of onset of symptoms. Since the prognosis of individual patients cannot 
be accurately predicted, and anti-TNF therapy is expensive and does carry an ele- 
ment of risk, the pharmacoeconomic and risk-benefit issues will need to be 
addressed in ongoing and future studies. 



Safety issues 

These have been addressed in reviews and consensus statements by expert groups 
[97] and will not be detailed here. Risk benefit analyses are being carried out and in 
general, despite the potential for toxicity, anti-TNF drugs provide an important 
therapeutic opportunity for patients [98]. In this section comments are restricted to 
some pertinent issues. 

TNF and lymphotoxin play an important role in host defence and an increased 
susceptibility to infection in anti-TNF treated patients was anticipated. The reacti- 
vation of latent tuberculosis is the best recognised problem with most case reported 
with infliximab in the post-marketing period [99]. Whether this is due, for example, 
to biological properties of infliximab, its dosing schedule and pharmacokinetics or 
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a higher background of past infections in patients exposed to infliximab in greater 
numbers such as in Spain, is not clear. The Spanish Society of Rheumatology data- 
base has shown a higher incidence in rheumatoid patients than the normal popula- 
tion prior to, and an increase following, the introduction of infliximab [100, 101]. 
Encouragingly, there has been a striking reduction in the final year of the registry 
since the institution of guidelines for screening latent tuberculosis by clinical histo- 
ry, tuberculin testing and chest radiographs and pre-treatment with anti-tuberculo- 
sis drugs before anti-TNF therapy. 

Bacterial pneumonias, sepsis, listirosis, coccidiomycosis, histoplasmosis and 
pneumocystosis have all been reported following anti-TNF therapy. Consensus 
guidelines on prevention and early detection and treatment with appropriate screen- 
ing and monitoring have been proposed [97] and are the key to reducing risk of 
infection. 

There is clear evidence of serological induction of antinuclear and anti-ds-DNA 
antibodies emerging from clinical trials, but drug-induced lupus syndrome is rare in 
comparison. For example, in one study the induced anti-ds-DNA antibodies in 14% 
of patients were of IgM class and appeared within 4-10 weeks of commencement 
of infliximab [80]. In contrast in the ATTRACT trial, only 1 of 340 patients treat- 
ed developed symptoms of lupus [79]. Pre-existing antinuclear antibody by the 
immunofluorescent test is not predictive of drug-induced lupus. Other autoimmune 
complications have been described, notably exacerbation and new onset of multiple 
sclerosis (MS) [102]. Rare cases of neutropenia and aplastic anaemia with etaner- 
cept have been described but it is not known whether these have an autoimmune 
pathogenesis. 

TNF is over-expressed in patients with congestive cardiac failure and is impli- 
cated in impaired cardiac function and cachexia. Clinical trials of infliximab and 
etanercept did not show significant benefit and, surprisingly, infliximab was associ- 
ated with increased hospitalisation and mortality [103]. New onset cardiac failure 
has been reported in etanercept and infliximab treated patients, apparently previ- 
ously free of heart disease [104]. Based on this evidence, treatment of patients with 
symptomatic heart failure is not recommended. 

The possibility that all anti-TNF drugs increase the incidence of lymphomas has 
been raised by an increase in the standardisation incidence ratio derived by a com- 
parison with occurrence of lymphomas recorded in cancer registries. In post-mar- 
keting studies reports of lymphoma have been reported with infliximab and etaner- 
cept [105]. The data was reviewed by the Food and Drug Administration (FDA) of 
the USA in 2003 with the knowledge that the increase in B cell lymphomas in RA 
treated with anti-TNF drugs fell within the confidence intervals reported in rheuma- 
toid patients never exposed to these drugs. The increased incidence of lymphoma in 
RA may in part be explained by prior exposure to cytotoxic-immunosuppressive 
drugs such as azathioprine and methotrexate, and in part to severe rheumatoid 
itself, which is associated with an increase in occurrence of lymphomas. The FDA 
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and European regulatory agencies await prospective data from registries in USA and 
Europe before further definitive analysis. 



How effective is anti-TNF therapy and what are the future prospects? 

The clinical trial evidence strongly supports the contention that anti-TNF therapy, 
particularly in combination with methotrexate, provides a relatively safe and effec- 
tive treatment option for patients with moderate and severe disease unresponsive to 
conventional DMARDs. Such patients are spiralling further into progressive joint 
damage, loss of quality of life and reduced life expectancy, and anti-TNF therapy 
appears to make a substantial impact on at least the former two outcomes in about 
50% of such patients. Studies on long-term retention rates suggest that the majori- 
ty of patients remain on therapy, and the best responders in one study continued to 
benefit for up to 47 months [91, 106, 107]. 

In the future, cheaper manufacturing costs should reduce the cost of anti-TNF 
therapies and make them more affordable and hence accessible to patients. Since 
RA has a complex multi-step pathogenesis, it is likely that simultaneous targeting 
of more than one molecule will be required to cure the disease. However, for the 
present we can anticipate anti-TNF therapies being used for many other immune- 
inflammatory diseases [108]. Already infliximab is proven to be effective and 
licensed for the treatment of Crohn’s disease and ankylosing spondylitis and etan- 
ercept for psoriatic arthritis and ankylosing spondylitis. Both are efficacious for 
the treatment of psoriasis and encouraging data is emerging for uveitis and vas- 
culitis. 
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Introduction 

IL-1 and its related family member IL-18 are primarily proinflammatory cytokines 
by their ability to stimulate the expression of genes associated with inflammation 
and autoimmune diseases. The most salient and relevant properties of IL-1 in 
inflammation are the initiation of cyclooxygenase type 2 (COX-2), type 2 phos- 
pholipase A and inducible nitric oxide syntha se (iNOS). This accounts for the large 
amount of prostaglandin-E 2 (PGE 2 ), platelet activating factor, leukotrienes and 
nitric oxide (NO) produced by cells exposed to IL-1 or in animals or humans inject- 
ed with IL-1. Another important proinflammatory property of IL-1 is its ability to 
increase the expression of adhesion molecules such as intercellular adhesion mole- 
cule-1 (ICAM-1) on mesenchymal cells and vascular-cell adhesion molecule-1 
(VCAM-1) on endothelial cells. This latter property promotes the infiltration of 
inflammatory and immunocompetent cells into the extravascular space. IL-1 is also 
an angiogenic factor and plays a role in tumor metastasis and blood vessel supply 

[1] . Mice lacking IL-1 receptors fail to develop proliferative lesions of vascular 
smooth muscle cells in mechanically injured arteries. In humans with rheumatoid 
arthritis (RA), the inflammation and joint destructive nature of the disease is 
reduced with systemic injections of the IL-1 receptor antagonist (IL-IRa), a member 
of the IL-1 family that prevents IL-1 activity. However, in addition to these and 
other proinflammatory properties, IL-1 is also an adjuvant during antibody pro- 
duction and acts on bone marrow stem cells for differentiation in the myeloid series. 
In fact, unlike TNF, IL-1 is a bone marrow stimulant and was used to treat patients 
with bone marrow suppression in order to reduce the nadir of thrombocytopenia 

[ 2 ] . 

In terms of the role of IL-1 in human disease, specific blockade of the IL-1 recep- 
tor type I (the ligand binding chain of the heterodimeric IL-1 receptor signaling 
complex) with the naturally occurring IL-IRa in patients with RA has resulted in 
reduced disease activity and reduced joint destruction [3-6]. IL-IRa has been 
approved for use in the United States, Canada and Europe for the treatment of RA 
and over 50,000 patients receive daily treatment; the results support the essential 
inflammatory and tissue remodeling functions of IL-1. 
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Processing and secretion of the IL-1 family members: a unique evolution 
for cytokines 

IL-1 a, IL-1 (3, IL-IRa and IL-1 8 are unique in the cytokine families. IL-IRa, the only 
naturally occurring cytokine receptor antagonist, is readily secreted from 
macrophagic cells. Evolving from a common gene, IL-1|3 is found diffusely in the 
cells whereas IL-IRa possesses a clear signal peptide and is secreted via the Golgi 
apparatus in a typical fashion similar to most secreted proteins. Secretion of IL-IRa 
provides a mechanism to reduce IL-1 activity in health and disease. Indeed, mice 
deficient in IL-IRa develop spontaneous disease [7, 8]. On the other hand, the ago- 
nist members of the IL-1 family are not readily secreted and require a series of intra- 
cellular steps before being biologically active cytokines. 

IL-1 a, IL-1 (3 and IL-1 8 are each initially synthesized as precursor molecules 
without a signal peptide. In the case of IL-la, the precursor form (31 kDa) is bio- 
logically active when inserted into the cell membrane as a surface protein [9, 10] as 
well as an intracellular cytokine [11, 12]. Evidence also supports the concept that 
the intracellular IL-la can bind to nucleic acid and act as a transcription factor. This 
is due to the nuclear localization site in the N-terminus of the IL-la precursor. IL- 
la can also be cleaved from its membrane inserted form by calcium activated cal- 
pain [13]. The role of cell-associated IL-la in disease is unclear, but mice deficient 
in IL-la are protected in some models of inflammation and tumor growth [1, 14]. 
IL-IRa blocks the activity of extracellular IL-1|3 and membrane IL-la. 



The IL-1 (3 converting enzyme 

After removal of N-terminal amino acids of IL-1|3 and IL-1 8 by a specific intracel- 
lular protease, the resulting active peptides are called “mature” or active forms of 
the cytokines. The precursor forms of IL-1|3 (31 kDa) and IL-18 (24 kDa) are bio- 
logically inactive and require cleavage by the intracellular cysteine protease, termed 
IL-1|3 converting enzyme (ICE). ICE is also termed caspase-1 [15], the first member 
of a large family of intracellular cysteine proteases with important roles in pro- 
grammed cell death. However, there is little evidence that ICE (caspase-1) partici- 
pates in programmed cell death [16]. Rather, ICE seems to be primarily used by the 
cell to cleave the IL-1|3 and IL-18 precursors. ICE cleaves both the IL-1J3 as well as 
the IL-18 precursors immediately following the aspartic acid in the PI position. As 
a result of cleavage, a mature form of IL-1|3 of 17.5 kDa and 18 kDa for IL-18 are 
generated. Specific inhibitors of ICE effectively reduce the secretion of IL-1J3 as well 
as IL-18 and as a result, reduce the biological activities of either cytokine [17]. Oral 
inhibitors of ICE are in clinical trials in patients with RA. Although ICE is primar- 
ily responsible for cleavage of the IL-1|3 precursor intracellularly, other proteases 
such as proteinase-3 can process the IL-1|3 precursor extracellularly into an active 
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cytokine [18]. An extracellular protease, which cleaves IL-18 into an active 
cytokine, has not been reported. However, treatment of epithelial cells with pro- 
teinase-3, a neutral serine protease found in phagocytic cells, increases the release of 
biologically active IL-18 [19]. 



The P2X-7 receptor and secretion of IL-1 (3 and IL-18 

The addition of extracellular ATP to stimulated human monocytes results in the 
rapid release of mature IL-1|3 within minutes; a receptor-mediated event has been 
proposed. Purinergic receptors (adenosine is a purine) have been studied since these 
are found on monocytes and macrophages releasing IL-1 13 and 18. For ATP, this 
receptor is designated P2X-7. The anti-RA drug, tenidap, had been shown to affect 
this receptor, and tenidap reduced the secretion of IL-1|3 [20]. When triggered by 
millimolar concentrations of ATP, reversible pores form in the plasma membrane 
and due to ion fluxes, the electrical potential of the membrane is transiently lost. In 
the presence of endotoxin, this activation by ATP triggers the release of mature IL- 
1|3 [21]. A monoclonal antibody to the P2X-7 receptor prevents the release of 
mature IL-1 (3 from activated macrophages [22]. Importantly, the secretion of IL-1 (3 
via activation of the P2X-7 receptor by ATP is independent of ICE, since highly spe- 
cific inhibitors of ICE prevent processing of the IL-1 13 and IL-18 precursors but have 
no effect on release of the IL-1 (3 precursor or the release of lactic dehydrogenase in 
cells stimulated with ATP [23]. Triggering of the P2X-7 receptor is specific for the 
release of mature IL-1 [3 and IL-18, but does not result in the release of TNFa, ATP 
or nigericin, which rapidly results in the loss of intracellular potassium, and also 
stimulates the release of IL-1 and IL-18 in endotoxin-stimulated whole blood cul- 
tures [24]. Convincing evidence for a role of the P2X-7R in the post-translational 
processing and secretion of IL-ip is found in mice deficient in this receptor. Similar 
to wild-type macrophages, P2X-7R-deficient macrophages synthesize PGE 2 and the 
IL-1|3 precursor in response to endotoxins. However, when activated by ATP, P2X- 
7R-deficient macrophages do not process or release IL-1 [3 [25]. Similar results have 
been observed with IL-18. In vivo , wild-type and P2X-7R-deficient release the same 
amounts of IL-6 into the peritoneal cavity, but there is no release of mature IL-ip 
from P2X-7R-deficient mice. 



IL-1 and mutations in the chronic inflammatory autoimmune syndrome-1 
(CIAS-1) locus 

Much basic biology is learned from mutations resulting in a particular disease-asso- 
ciated phenotype. In terms of inflammatory diseases, the autosomal dominantly 
inherited disease called Muckle-Wells syndrome has been linked to single amino 
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acid mutations in the NALP3/CIAS-1/PYPAF-1 gene [26]. [NALP gene = NACHT 
leucine rich repeats, PYRIN-containing proteins; CIAS-1 = chronic inflammatory 
autoimmune syndrome.] 

NALP-3 indicates three leucine rich repeats; NALP-4 contains four. The gene has 
been mapped to a location on chromosome lq44. The earliest reports of the syn- 
drome date to the early 1970s and Muckle wrote of the syndrome in 1979 [27]. 
Because this is an autosomal dominant disease, variable expression or intermittent 
expression may account for a spectrum of clinical manifestations and also for the 
periodic nature of the disease. Although Muckle-Wells syndrome is a rare disease, it 
has the hallmarks of systemic and local inflammation common to many inflamma- 
tory diseases, but particularly to RA and autoimmune diseases. For example, the 
syndrome is characterized by recurrent fevers, urticaria, painful and in some cases 
deforming arthropathies, periodic synovitis and amyloid nephropathy. Most early 
reports describe generalized amyloid depositions in all tissues and death resulting in 
renal failure. Congenital deafness is also associated with the syndrome [28]. Some 
patients have all the manifestations of the disease without renal amyloidosis [29]. 
Mutations in the same gene are also the linked to another inflammatory disease 
called familial cold autoinflammatory syndrome (FCAS) [30]. Patients with this syn- 
drome exhibit urticarial eruptions and systemic symptoms when exposed to cold. 
Another systemic inflammatory disease of neonates has mutations in this same gene 
[31]. Termed neonatal-onset multisystem inflammatory disease (NOMID), or 
CINCA (chronic infantile neurologic cutaneous articular) syndrome, patients exhib- 
it fever, chronic meningitis, uveitis, sensorineural hearing loss, urticarial skin rash 
and a characteristic deforming arthropathy [31]. An unusual finding of a genetic 
study in four of these patients was the absence of the mutations in parental DNA 
supporting the conclusion that in some cases the disease is from a de novo mutation 
[31]. Similar to many systemic diseases, elevated circulating levels of IL-1|3, TNFa, 
IL-6 and other cytokines can be documented. In particular, high levels of acute 
phase reactants characterize these syndromes. Anti-TNFa therapies have no effect. 

There have been 23 point mutations found in this gene (variably called NALP3/ 
CIAS-l/PYPAF-1) but each is a single amino acid change in a protein called 
NACHT [32]. The protein NACHT (NAIP, CIITA, HET-E, TP1) is thought to func- 
tion as an assembly platform, which facilitates the docking of other proteins, par- 
ticularly proteins containing a motif called caspase recruitment domains (CARD). 
CARD-containing proteins participate in protein-protein interactions for ICE (cas- 
pase-1) activation. CARD motifs are also found in proteins called pyrins, and muta- 
tions in pyrins are associated with another periodic systemic inflammatory disease, 
familial mediterranean fever (FMF). In Muckle-Wells syndrome, the most common 
mutation in NACHT is R260W [26]. It is unclear how CARD motifs activate ICE. 
ICE is present as an inactive precursor in many cells but primarily in cells with 
phagocytic functions. The NALP3/CIAS-1/PYPAF-1 gene is expressed primarily in 
these same cells, as is ICE. It is now believed that proteins that comprise the NALP3 
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gene associate with other intracellular proteins containing the CARD motifs and 
activate ICE into an active enzyme for the cleavage of the inactive IL-1 (3 precursor 
into a mature, active cytokine. 

Another protein that is essential for activation of ICE is ASC, which contains a 
CARD motif in the pyrin domain on the protein. The ASC protein binds to inactive 
ICE. Together, the assembly is called the “inflammasome” [33], a large, signal- 
induced multiprotein complex. NALP3 and ASC associate with inactive ICE (pro- 
caspase-1) to form a complex [34]. The inactive ICE N-terminal also has a CARD 
motif, which binds to the CARD motif of ASC and results in activation of ICE and 
the secretion of active IL-1 (3 [34]. It is known that the activation of ICE requires two 
cleavages of the proenzyme; the active form is a heterodimer (Fig. 1). 

As shown in Figure 1, processing of the IL-1 (3 (including IL-18) precursor 
requires several steps, beginning with the activation of ICE. First, the N-terminus of 
the proenzyme is cleaved. There is an ICE site itself at this location but it is also pos- 
sible that caspase-5 may initiate the first step. Active ICE is a heterodimer and the 
internal cleavage site also contains an ICE site. As a result of the second cleavage, 
the heterodimer is active with the active cysteine on the longer peptide. In mono- 
cytes from human subjects, without mutations in NALP3 (wild-type), the activation 
of ICE is concomitant with the synthesis of the IL-1|3 precursor. Thus, agents such 
as Toll-like receptor ligand endotoxins or peptidoglycans initiate both the synthesis 
of the IL-1 (3 precursor and the activation of ICE. 

The finding that elevated levels of IL-1 (3 are present in the sera of patients with 
Muckle-Wells syndrome, FCAS or CINA does not necessarily prove causation of the 
manifestations of the disease as due to IL-1|3. However, patients with Muckle-Wells 
syndrome have a dramatic response to a single injection of IL-IRa [35]. These 
patients have high levels of serum amyloid A protein, which results in the fatal 
nephropathy. IL-IRa rapidly reduces serum amyloid A protein (from nearly 100 \igl 
dl to less than 100 ng/dl) within days and fever and related systemic symptoms are 
completely reduced 24 hours following IL-IRa [35]. Although IL-IRa blocks the IL- 
1 receptor triggered by either IL-1 a or IL-1 (3, it seems highly likely that the dramatic 
efficacy of IL-IRa in patients with Muckle-Wells syndrome is due to blockade of IL- 
1(3 triggered responses. 

There are two mechanisms that may explain the link of point mutations in these 
patients with disease caused by IL-1 (3. The mutations in NACHT may result in over- 
active processing of the IL-1 (3 precursor to an active cytokine, particularly during 
minor perturbations to monocytes. Thus, the assembly of the NALP3 scaffold of 
proteins participating in activation of ICE may be facilitated by the mutations. 
However, it seems more likely that the mutations in NACHT result in a failure of 
an endogenous inhibitor of ICE activation (inhibitor of NACHT assembly) to bind 
or function. Indeed, intracellular inhibitors of ICE have been reported. The period- 
ic nature of the disease manifestations associated with these mutations would favor 
the concept of ineffective inhibitor function. It is presently unclear whether these 
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Figure 1 

Processing of the IL-lfi and IL-18 precursors into active molecules by the IL-1/3 converting 
enzyme (ICE). See test for details. 



patients would respond to oral ICE inhibitors. However, from the dramatic bio- 
chemical and clinical responses, mutations in the NALP3/CIAS-1/PYPAF-1 protein 
result in an IL-1 disease with many of the characteristics of systemic and local 
inflammation. Because the ICE activation also results in secretion of active IL-18, it 
is unclear whether blocking IL-18 with the IL-18 binding protein (see below) would 
also result in the same reduction of disease activity. 

Several periodic fever syndromes have been described, each with a different 
mutation in specific proteins. In addition to familial Mediterranean fever, Muckle- 
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Wells syndrome, familial cold urticaria and chronic infantile neurological cutaneous 
and articular syndrome, there are the TNF receptor 1A associated syndrome and 
hyperlgD syndrome. A website has been established (http://fmf.igh.cnrs.fr/infevers/) 
in order to provide updated data on mutations responsible for these syndromes [36]. 
These are distinct syndromes and not similarly treated with the same agents. For 
example, colchicine is the drug of choice for FMF but has no effect in Muckle-Wells 
syndrome [37]. The mutations in the Muckle-Wells syndrome gene appears to result 
in dysregulation of ICE activity, increased IL-1 (3 processing and release and hence is 
treated with IL-1 receptor blockade [35]. The TNF receptor 1A associated syn- 
drome is treated with soluble receptors to TNF. 



Blocking IL-1 in disease 

IL-1 Ra 

historically, the late Phillipe Seckinger, working in the laboratory of Jean-Michel 
Dayer, demonstrated that the urinary inhibitor of IL-1 prevented IL-1 binding to 
cells [38]. A similar IL-1 inhibitor was induced by stimulating human blood mono- 
cytes with IgG [39]. This IL-1 inhibitor was purified to homogeneity and the amino 
acid sequence was used to clone the molecule from a monocyte cDNA library [40]. 
The recombinant IL-1 inhibitor was renamed the IL-1 receptor antagonist (IL-IRa) 
and was shown to block the binding of IL-1 as a receptor antagonist. The surprise 
for the IL-1 field was the discovery that the amino acid sequence of IL-IRa was 
more homologous to the amino acid sequence of IL-(3 than IL-la was to IL-1|3. 
There is only one IL-IRa gene but several isoforms exist. Unlike IL-1 (3, IL-IRa has 
a classic leader peptide and is readily secreted. The other forms of IL-IRa, namely 
intracellular forms lacking a leader peptide but derived from the same gene, have 
been reported [41]. When expressed as a mature recombinant molecule, intracellu- 
lar IL-IRa blocks IL-1 binding as well as does the secreted form [42]. 

The crystal structural analysis of the IL-lRI/IL-IRa complex reveals that IL-IRa 
contacts all three domains of IL-1RI. IL-1 (3 has two sites of binding to IL-1RI. There 
is a primary binding site located at the open top of its barrel shape and a second site 
on the reverse side of the IL-1 (3 molecule. IL-IRa also has two binding sites, which 
are similar to those of IL-1 (3. However, the reverse side site of IL-IRa is more 
homologous to that of IL-1 (3 than the primary binding site. Thus, the backside site 
of IL-IRa binds to IL-1RI tightly and occupies the receptor. Because the second 
binding site is not available, IL-IRa does not recruit the IL-1 receptor accessory pro- 
tein (IL-lRacP) to form the heterocomplex required to trigger a signal. After bind- 
ing of IL-IRa to IL-1RI bearing cells, there was no phosphorylation of the epider- 
mal growth factor receptor, a well-established and sensitive assessment of IL-1 sig- 
nal transduction: Overwhelming evidence that IL-IRa is a pure receptor antagonist. 
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The intravenous injection of IL-IRa into healthy humans at doses 1,000,000-fold 
greater than that of IL-la or IL-1(3 exhibits no agonist activity [43]. 



Studies in IL-1 Ra-deficient mice 

Mice deficient in IL-IRa have low litter numbers and exhibit growth retardation in 
adult life [44]. These animals also have elevated basal concentrations of plasma IL- 
6 and exhibit higher levels of hepatic acute phase proteins compared to those of 
wild-type control mice. Endotoxemia or a turpentine abscess in IL-1 Ra-deficient 
mice results in increased lethality. In a model of endotoxin-induced inflammation, 
IL-1 Ra-deficient mice exhibit nearly two-fold higher serum levels of sphingomyeli- 
nase compared to wild-type mice. The most dramatic phenotype has been observed 
in IL-1 Ra-deficient mice crossed from a C57BL/6 to a B ALB/c genetic background 
[7]. In these IL-1 Ra-deficient mice with a B ALB/c background, a chronic inflam- 
matory polyarthropathy develops spontaneously. The joints showed prominent 
synovial and periarticular infiltration of inflammatory cells, osteoclast activation 
and structural erosion associated with the presence of granulation tissue. Overall, 
the histological pattern appeared similar to that of humans with RA. Elevated lev- 
els of anti-IgGl, but not anti-IgM, were observed, as were elevated levels of 
rheumatoid factor and anti-double-stranded DNA antibodies. Steady-state levels of 
COX-2, IL-1RI, IL-ip, IL-6, and TNLa mRNA in the affected joints were also 
increased. Bone erosion with arthritis was present in the joints of IL-1 Ra-deficient 
mice, which was consistent with the observation that mice deficient in IL-1RI 
exhibited no significant trabecular bone loss following ovariectomy compared to 
wild-type controls [45]. 

The finding that IL-1 Ra-deficient mice spontaneously develop a destructive, 
inflammatory arthropathy strongly suggests that endogenous IL-IRa functions to 
suppress inflammation in mice living in a normal environment. Lurthermore, since 
IL-IRa binds only IL-1 receptors, the results also implicate IL-1 as an essential 
cytokine in the pathological process. The onset of this autoimmune process requires 
a genetic background favoring the Th2 response, which produces antibodies rather 
than cytotoxic T cells in response to antigens. The immunologic stimulus likely 
occurs when either an endogenous antigen or an antigen from the intestinal flora 
triggers a Th2 response, which, in the absence of IL-1 blockade, is uncontrolled. IL- 
17 expression is elevated in IL-1 Ra-deficient mice and the spontaneous development 
of arthritis does not take place in IL-1 Ra-deficient mice that are also deficient in IL- 
17 [46]. IL-1 induces the expression of 0X40 on CD4 + T cells and activation of sur- 
face 0X40 facilitates antigen recognition by T cells. Therefore, IL-1 7 production 
appears to be a consequence of IL-1 -induced 0X40, which results in heightened 
responses to antigens. Although the naturally occurring antigen(s) that triggers the 
development of a RA-like disease in IL-1 Ra-deficient mice has not been identified, 
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it appears that without endogenous control of IL-1 activity, the immune response to 
either foreign (floral) or self antigens results in an thoroughly pathologic process. Of 
considerable importance is that no other cytokine or cytokine receptor knockout 
mouse manifests a spontaneous arthritic phenotype. Knockout mice for other anti- 
inflammatory cytokines such as IL-10 or transforming growth factor-|3 develop 
inflammatory bowel disease and systemic inflammation, but not arthritis. 

IL-IRa deficient mice also develop a lethal arterial inflammation involving pri- 
mary and secondary branch points of the aorta [8]. These are stress points in the 
vessel wall due to blood flow and are also the same locations at which atheroscle- 
rotic plaques are commonly found. The lesions are characterized by transmural 
infiltration of neutrophils, macrophages and CD4 + T cells. Death is due to vessel 
wall collapse, stenosis and organ infarction. Heterozygotes, which have reduced but 
detectable levels of endogenous IL-IRa compared to wild-type controls, do not die 
from this severe arteritis but do develop small arterial lesions. 

Numerous studies have implicated IL-1 in the pathogenesis of RA using animal 
models of the disease [47]. Although the systemic administration of IL-1 or the 
instillation of IL-1 into a joint space provides supportive data, there are drawbacks 
to interpreting the effects of exogenously applied IL-1 as a preclinical model. The 
most convincing preclinical evidence for a pivotal role for IL-1 in RA is derived from 
experimental models in which specific blockade of IL-1 activity reduces one or more 
of the pathological processes that arise in the context of the naturally occurring dis- 
ease. The administration of IL-IRa reduces the inflammation as well as the loss of 
bone and cartilage in the rat adjuvant arthritis model and hence fulfills the criteria 
of reduction in disease severity using a complex model that mimics human RA 
pathology. Rats with developing adjuvant arthritis were treated with IL-IRa by con- 
tinuous infusion. The results showed modest but significant reductions in swelling 
of the ankle joints and in paw weights and histologic improvement of bone and car- 
tilage lesions. However, marked inhibition (53%) of bone resorption was also 
observed, even at doses at which anti-inflammatory activity was not seen [48]. A 
well-studied model for mimicking human RA is collagen-induced arthritis in using 
immunization with type II collagen. In this model, high levels of exogenous IL-IRa 
completely suppress the disease [48]. In the collagen-induced arthritis model in rats, 
methotrexate alone reduced bone erosions by 57%, but the combination of IL-IRa 
plus methotrexate reduced bone erosions by 97%. In addition, IL-IRa treatment of 
rats with established collagen-induced arthritis resulted in nearly complete suppres- 
sion of all parameters of the disease [48]. Other methods to provide higher thera- 
peutic levels of IL-IRa have been investigated. For example, following transplanta- 
tion of murine 3T3 fibroblasts transfected with the gene for human IL-IRa, paws 
and knee joints were inspected to evaluate inflammation and cartilage destruction 
in a murine model of type II collagen-induced arthritis. The onset of collagen- 
induced arthritis was almost prevented in joints containing the transfected IL-lRa- 
expressing cells, whereas joints containing cells transfected with the control (empty) 
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vector showed severe inflammation and destruction of cartilage. In the paw ipsilat- 
eral to the IL-IRa gene-expressing knees, reduced inflammation and joint destruc- 
tion were observed [49]. Following instillation of endotoxin directly into the joints 
of rabbits, leukocyte infiltration and protein leak developed; however, administra- 
tion of a neutralizing monoclonal antibody against rabbit IL-IRa resulted in a 50% 
increase in the level of IL-1(3 and a 20-40% enhancement of leukocyte infiltration 
and protein leakage [50]. One can conclude that endogenous IL-IRa functions as an 
anti-inflammatory cytokine in this model by limiting the production of IL-1 13 as well 
as the intensity of the inflammatory response. 

Human chondrocytes can be cultured in the presence of a cartilaginous matrix 
and studied for the synthesis of proteoglycans. When synovial fibroblasts from 
patients with RA are added to this system, the cartilaginous matrix is destroyed in 
10-18 days. The addition of IL-IRa or anti-IL-l|3 monoclonal antibodies reduced 
the destruction of the matrix by 45% and 35%, respectively [51]. 



Reducing IL-1 activity with the soluble form of the IL-1 receptor type I 

The extracellular domain of the type I receptor (also called soluble IL-1 receptor 
type I, IL-lsRI) has the highest binding affinities for IL-IRa and IL-1 a but the least 
affinity for IL-1 (3. Injection of murine IL-lsRI to mice increased the survival of het- 
erotopic heart allografts and reduced the hyperplasic lymph node response to allo- 
geneic cells [52]. In a rat model of antigen-induced arthritis, local instillation of the 
murine IL-lsRI reduced joint swelling and tissue destruction [53]. Even when 
instilled into the contralateral, unaffected joint, a reduction in tissue damage was 
also observed in the affected joint, suggesting that the amount of IL-lsRI injected 
into the contralateral joint was acting systemically. In a model of experimental 
autoimmune encephalitis, the IL-lsRI also reduced the severity of this disease [54]. 
Administration of IL-lsRI to animals has also been reported to reduce the physio- 
logic response to LPS, acute lung injury and delayed-type hypersensitivity (reviewed 
in [53]). 

However, there are also data suggesting that exogenous administration of IL- 
lsRI may act as carrier. In mice, an i.v. injection of IL-lsRI alone induced a rapid 
increase in circulating IL-la, but not of TNFa or IL-1|3 [55]. The soluble receptor 
did not interfere with the IL-la assay. This observation is consistent with the view 
that IL-lsRI acts as a carrier for IL-la. Treatment of mice with IL-lsRI improved 
the survival during a lethal infection with Candida albicans. 

Using the accelerated model of autoimmune diabetes induced by cyclophos- 
phamide in the non-obese diabetic (NOD) mouse, repeated injections with IL-lsRI 
protected NOD mice from insulin-dependent diabetes mellitus in a dose-dependent 
fashion; the incidence of the diabetes was 53.3% in the mice treated with 0.2 mg/kg 
and only 6.7% in mice treated with 2 mg/kg. However, none of the doses of IL-lsRI 
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reduced the extent of insulitis in NOD mice. Splenic lymphoid cells from NOD mice 
treated with 2 mg/kg IL-lsRI for five consecutive days showed a normal distribu- 
tion of mononuclear cell subsets and maintained their capacity to secrete IFNy and 
IL-2 [56]. 

Effect of IL-1 sRI in humans 

Recombinant human IL-lsRI has been administered intravenously to healthy 
humans in a Phase I trial without side effects or changes in physiologic, hematolog- 
ic or endocrinologic parameters. Thus, similar to infusions of IL-IRa, IL-lsRI 
appears safe and reinforces the conclusion that IL-1 does not have a role in home- 
ostasis in humans. 

Healthy volunteers have also been injected with LPS following pre-treatment 
with IL-lsRI [57]. Volunteers were also pre-treated with IL-lsRI or placebo and 
then challenged with endotoxin. There were no effects on fever or systemic symp- 
toms. Although there was a decrease in the level of circulating IL-1 |3 compared to 
placebo-treated volunteers, there was also a decrease in the level of circulating IL- 
lRa (p < 0.001); this was due to complexing of the soluble receptor to endogenous 
IL-IRa [57]. This was dose-dependent and resulted in a 43-fold decrease in endo- 
toxin-induced IL-IRa. High doses of IL-lsRI were also associated with higher lev- 
els of circulating TNFa and IL-8 as well as cell-associated IL-1 (3 [57]. These results 
support the concept that IL-lsRI binds endogenous IL-IRa and reduces its effec- 
tiveness in inhibiting IL-1. As discussed below, patients with RA treated with IL- 
lsRI do not exhibit improved clinical outcomes. 

IL-lsRI was administered to 23 patients with active RA in a randomized, dou- 
ble-blind, two-center study. Patients received subcutaneous doses of the receptor at 
25, 250, 500, or 1,000 p,g/m 2 /day or placebo for 28 consecutive days. Although four 
of eight patients receiving 1,000 p,g/m 2 /day showed improvement in at least one 
measure of disease activity, only one of these four patients exhibited clinical 
improvement [58]. Similar to the placebo-treated patients, lower doses of the recep- 
tor did not result in any improvement by acceptable criteria. Despite this lack of 
clinical or objective improvement in disease activity, cell surface monocyte IL-1 a 
expression in all patients receiving IL-lsRI was significantly reduced. One explana- 
tion for the lack of clinical response despite efficacy in suppressing immune respons- 
es could be the inhibition of endogenous IL-IRa. This was observed in volunteers 
receiving IL-lsRI before challenge by endotoxin [57]. 

A Phase I trial of IL-lsRI was also conducted in patients with relapsed and refrac- 
tory acute myeloid leukemia. Circulating levels of IL-lsRI were elevated 360- and 25- 
fold after i.v. and s.c. administration, respectively. However, serum levels of IL-1 (3, IL- 
6 and TNFa did not change and there were no complete, partial or minor responses 
to treatment [59]. There have been no further trials of IL-lsRI in human disease. 
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Other strategies to reduce IL-1 activity in disease 

The goal of any IL-1 based strategy is to prevent the formation of the heterodimer 
complex of surface receptors. Using IL-lsRI to block IL-1 activity in disease is sim- 
ilar to using neutralizing antibodies against IL-1 and distinct from using receptor 
blockade with IL-lRa. Since the molar concentrations of circulating IL-1 in disease 
are relatively low, pharmacologic administration of IL-lsRI to reach a 100-fold 
molar excess of the soluble receptor over that of IL-1 is feasible. The human trial of 
IL-lsRI in delayed hypersensitivity reactions supports the notion that low doses 
(100 p,g/patient) can have anti-inflammatory effects. The fusion of two chains of 
extracellular domains of the type IL-1RI to the Fc portion of immunoglobulin 
enhances the binding IL-1 over that of monomeric IL-lsRI [60] and may have a 
greater plasma half-life compared to that of the monomeric form. However, as 
shown in the study of IL-lsRI in RA [58], binding of the endogenous IL-lRa wors- 
ened the disease. The goal of receptor antagonists requires occupancy of large num- 
bers of IL-1 surface receptors with natural or synthetic antagonists [61] since trig- 
gering only a few evokes a response. Receptor blockade is a formidable task and the 
large amounts of IL-lRa required to reduce disease activity contributes to this con- 
clusion. The disadvantage of IL-lsRI therapy is that it is prolonging the clearance 
of IL-1 or reducing the function of the natural IL-lRa. 

The soluble form of IL-1RI and IL-1RII circulate in healthy humans at molar 
concentrations which are 10-50-fold greater than those of IL-1 (3 measured in septic 
patients and 100-fold greater than the concentration of IL-1 (3 following intra- 
venously administration [62]. Why do humans have a systemic response to an infu- 
sion of IL-1 a [2] or IL-1|3? One can conclude that binding of IL-1 to the soluble 
forms of IL-1R types I and II exhibits a slow “on” rate compared to the cell-bound 
IL-1RI. Another interpretation is that the soluble forms of both the type I and type 
II receptors found in the circulation are already occupied. 

Naturally occurring, neutralizing antibodies to IL-1 a are present in many 
patients with autoimmune disease and even in health subjects and likely reduce the 
activity of IL-la [63]. However, there have been few animal studies that support the 
concept that IL-la in human disease is a sensible target. Despite the presence of sol- 
uble forms of both receptors, naturally occurring antibodies and circulating IL-lRa, 
the injection of IL-1 as low as 1 ng/kg subcutaneously evokes a systemic response in 
humans [64]. These findings underscore the high functional level of only a few IL- 
1 type I receptors. They also imply that the post-receptor triggering events are great- 
ly amplified. It seems reasonable to conclude that treating disease based on block- 
ing IL-1 type I receptor needs to take into account the efficiency of so few type I 
receptors initiating a biological event. The use of soluble forms of the IL-1R type II, 
neutralizing antibodies to IL-1 (3, blocking antibodies to the IL-1R type I or block- 
ing antibodies to the IL-1R accessory protein are each likely to be tested inn human 
disease. 



40 




The IL-1 family: The role of IL-1 and IL-18 in inflammation 



The IL-1 trap 

A cytokine trap is a construction of the extracellular domains of the two chains of 
a heterodimeric cytokine receptor complex [65]. The trap takes advantage that two 
separate receptor chains provide high affinity binding compared to single cytokine 
receptor chains. The cytokine trap provides both receptor chains in a dimeric con- 
figuration much like the extracellular cell surface receptor. The trap is, however, dif- 
ferent in that each arm of the dimeric structure is identical and comprised of 
domains of both receptor chains. The two chains of the trap are linked by fusion of 
complement binding domain of IgGl. As such, the structure is not naturally occur- 
ring but is comprised of solely natural proteins. 

Neutralization of cytokine activity is the therapeutic objective of soluble recep- 
tors. The IL-1 trap is comprised of the ligand binding receptor chain (IL-1 receptor 
type I) plus the IL-1 receptor accessory protein, the second chain of the IL-1 recep- 
tor complex. The two chains are expressed linearly and fused to the Fc domain of 
IgGl. The resulting affinity of the IL-1 trap has a dissociation constant of 1-2 pM 
whereas the affinity of the complete cell surface IL-1 receptor complex for IL-1 (3 is 
400 pM. Cytokine traps offer additional therapeutic benefits in that they have long 
plasma half-lives and can neutralize members of the same cytokine family binding 
to the same receptor chains. For example, the IL-1 trap also binds and neutralizes 
IL-1 13 as well as IL-1 a activity. In contrast, two distinct monoclonal antibodies 
would be needed in order to reduce both IL-la and IL-1 (3. 

Although the IL-1 trap also binds the IL-IRa, the affinity is 23 -fold less than that 
for IL-1 13. Hence, the advantage of the IL-1 trap is its preferential binding of IL-1 (3 
and not to IL-IRa. Not unexpectedly, cytokine traps also work in vivo. A murine 
receptor component IL-1 trap reduced inflammatory parameters and joint bone ero- 
sions [65]. The IL-1 trap also inhibited IL-1 -induced IL-6 production. In a Phase I 
trial of the IL-1 trap in patients with RA, there was a dose-dependent fall in serum 
C-reactive protein, and at a single dose of 100 mg/week, a 40% reduction was 
reported compared to placebo-treated patients. 



Studies using IL-IRa in animals 

Because IL-IRa exhibits no species specificity, a large body of data exists revealing 
a role for IL-1 in models of disease. As shown in Figure 2, when IL-IRa binds to the 
type I IL-1R, there is no formation of the heterodimer with the IL-lR-AcP chain. In 
the presence of IL-1 (3, there is no signal transduction and hence there is classic com- 
petitive inhibition similar to other receptor antagonists. However, unlike small mol- 
ecule receptor antagonists, IL-IRa appears to be a pure receptor antagonist. IL-IRa 
occupancy of the type I receptor also prevents the binding of IL-la to the cell recep- 
tor. Since there is considerable evidence that the biological response of IL-la is due 
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Figure 2 

IL-1 receptor antagonist prevents the formation of the IL-1 receptor type I heterodimer with 
the IL-1 receptor accessory protein. 



to its membrane form, nevertheless, IL-IRa blocks the activities of membrane IL- 
la. Before IL-IRa was approved for treating RA in humans, there were extensive 
preclinical trials in various animal models, particularly in models of autoimmune 
diseases and model of RA. Table 1 lists the effects of blocking IL-1 in various ani- 
mal models of disease. 



IL-IRa treatment in humans with RA 

The recombinant form of IL-IRa produced in E. coli is called by the generic name 
anakinra. In a randomized, double-blind trial, anakinra was administered to 175 
patients at 21 sites in the United States [66]. During the first three weeks of the trial, 
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Table 1: Effects of IL-1 Ra 



Models of infection 



Improved survival in LPS-induced shock in primates, mice, rats and rabbits 
Improved survival in Klebsiella pneumoniae infection in newborn rats 
Reduction in shock and mortality in rabbits and baboons from E. coli or Staphylococcus 
epidermidis bacteremia 

Amelioration of shock and reduction in death after cecal ligation and puncture 
Attenuation of LPS-induced lung nitric oxide activity 

Decreased hypoglycemia, production of CSF and early tolerance in mice after administration 
of endotoxin 

Reduction in LPS-induced hyperalgesia 

Protection against TNF-induced lethality in D-galactosamine treated mice 
Reduction in nematode-induced intestinal nerve dysfunction 
Decreased circulating or cellular TNF production in models of sepsis 
Decreased IL-6 production after LPS or enteric LPS administration 
Protection from Bacillus anthracis toxin-induced lethality in mice 
Decreased intestinal inflammation and bacterial invasion in shigellosis 
Reversal of decreased survival by insulin-like growth factor-1 in sepsis 
Decreased in live E. co//-induced thrombin, tissue plasminogen activator, plasminogen 
activator inhibitor and elastase elevations 



Models of local inflammation 



Decreased neutrophil accumulation in inflammatory peritonitis in mice 
Reduction in immune complex-induced neutrophil infiltration, eicosanoid production and 
tissue necrosis in rabbit colitis 

Reduction in acid-induced neutrophil infiltration and enterocolitis in rats 

Decreased endotoxin-induced intestinal secretory diarrhea in mice 

Inhibition of permanganate-induced granulomas in rats 

Inhibition of LPS-induced intra-articular neutrophil infiltration 

Decreased IL-1 -induced synovitis and loss of cartilage proteoglycan 

Reduced myocardial neutrophil accumulation after coronary occlusions in dogs 

Reduced inflammation and mortality in acute pancreatitis 

Decreased hepatic inflammation following hemorrhagic shock 

Modest reduction in acetaminophen-induced liver damage 

Decreased IL-8 and MCP-1 levels induced by intravitreal LPS 

Reduction in hapten-induced intestinal motor dysfunction and intestinal myeloperoxidase 
levels 

Decreased cerulean-induced pancreatic inflammation 
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Table 1 - continued 



Models of acute or chronic lung injury 



Decreased local LPS-induced neutrophil infiltration in rats 

Inhibition of antigen-induced pulmonary eosinophil accumulation and airway hyperactivity 
in guinea pigs 

Prevention of bleomycin or silica-induced pulmonary fibrosis 
Reduction in hypoxia-induced pulmonary hypertension 
Reduction in carrageenan-induced pleurisy in rats 
Decreased intratracheal IL-1 -induced fluid leak (systemic administration) 

Decreased albumin leak after systemic LPS 

Inhibition of antigen-induced eosinophil accumulation in guinea pigs 



Models of central nervous system functions 



Decreased stress-induced hypothalamic-pituitary axis 

Decreased immobilization-induced stress on hypothalamic-pituitary axis 

Reduced astrocytosis after spinal cord transection 

Increased survival after heat stroke in rats 

Decreased cerebral ischemia-induced edema and infarct size 

Reduced astrocytosis- mediated wound closure after brain damage 

Decreased LPS-induced brain monoamine levels 

Decreased in number of necrotic neurons in cerebral artery occlusion 



Models of metabolic dysfunction 



Reduction in hepatocellular damage following ischemia-reperfusion 

Improved survival after hemorrhagic shock in mice 

Inhibition of SAA gene expression and synthesis in high dose IL-2 toxicity 

Decreased muscle protein breakdown in rats with peritonitis due to cecal ligation 

Reduced muscle protein breakdown in rats with chronic septic peritonitis 

Inhibition of weight loss following muscle tissue injury 

Decrease in bone loss in ovariectomized rats 

Decreased multinucleated osteoclasts in ovariectomized rats 

Reversal of LPS-induced CRF gene expression in the hypothalamus 

Prevention of LPS-induced ACTH release 

Decreased E. coli - induced chaperone protein-induced osteolytic activity in rat calvarium 
Decreased LPS-induced bone resorption in mouse calvarium 
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Table 1 - continued 



Models of autoimmune disease 



Diminution of Streptococcus wall-induced arthritis in rats 

Reduction in collagen-induced arthritis in rats and mice 

Suppression of anti-basement membrane glomerulonephritis 

Delayed hyperglycemia in the diabetic BB rat 

Decreased hyperglycemia in non-obese diabetic mice 

Reduction in autoimmune myelin basic protein-induced encephalomyelitis 

Reduction in elevated cortisone levels in allergic encephalomyelitis 



Models of immune-mediated disease 



Prevention of graft versus host disease in mice 

Prolongation of islet allograft survival 

Reduction in skin contact hypersensitivity to haptens 

Decrease in coronary artery fibronectin deposition in heterotopic cardiac transplant 

Decreased adjuvant arthritis in rats 

Reduction in streptozotocin-induced diabetes 

Increased survival of corneal transplants 

No effect on mitogen- or antigen-induced T cell proliferation 

Decreased IL-2-induced LAK cell generation 

Decreased in IL-2-induced LAK cell TNF production 

Decreased phorbol ester-induced B cell proliferation and IgG synthesis 



Models of malignant disease 



Reduction in the number and size of metastatic melanoma 
Reduction in growth of subcutaneous melanoma tumors 
Reduced LPS-induced augmentation of metastatic melanoma 
Reduction in tumor- mediated cachexia (intratumoral injection) 

Reduced spontaneous proliferation, colony formation and cytokine production of human 
AML, CML (adult and juvenile) leukemia cells 
Reduced spontaneous IL-6 and PGE2 production in multiple myeloma cells 
Decreased spontaneous release of serotonin and histamine in rat basophilic leukemia cells 
Decreased spontaneous blast proliferation and cytokine production 



Effect of models of angiogenesis 



Decreased new blood vessel growth following sciatic nerve injury in mice 
Decreased vascularization of inflammatory polymers implanted subcutaneously in mice 
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Table 1 - continued 



Impairment of host responses 



Increased mortality to Klebsiella pneumoniae in newborn rats (high dose) 

Increased mortality to Listeria infection 

Enhanced growth of Mycobacterium avium in organs 

Worsening of infectious arthritis (late administration) 

Increased vascular leak in mice given high dose IL-2 



Effects on production of cytokines and other molecules 



Reduced LPS-induced monocyte production of IL-1(3 r ll_-1a, IL-6 
Decreased LPS-induced fibroblast production of IL-6 
Decreased asbestos-stimulated IL-8 from mesothelial cells 
Reduced spontaneous production of substance P by cultured neurons 
Enhanced natural killer cell activity 

Increased spontaneous PGE 2 production by cultured decidual cells 
Increased smooth muscle cell proliferation 



Other effects in vitro 



Reduction in Actinobacillus LPS-induced bone resorption 
Reduction in spleen cell colony forming units after radiation 
Decreased LPS-induced nitric oxide synthase in glial cells 
Decreased Clostridia dificile- toxin activity on hepatocytes 
Reduced VCAM-1 and ICAM expression induced by Rickettsia LPS on HUVEC 
Decreased TSH -stimulated cAMP release in thyroid cells 
Decreased Clostridia dificile -toxin A-induced intestinal secretory factor release 
Decreased NO release and insulin production in rat islets following TNF 
Decreased PDGF receptor expression in rat lung myofibroblasts following exposure to 
particulates 



patients received subcutaneous doses of 20, 70 or 200 mg of anakinra one, three, or 
seven times per week. To maintain the blindness of the study, patients received 
placebo injections on the days anakinra was not administered. After three weeks, a 
statistically significant reduction in the swollen joint count was observed in patients 
receiving 70 or 200 mg per day (P < 0.01). Daily dosing was more effective than 
dosing three times per week when assessed by the number of swollen joints, the 
investigator and patient assessments of disease activity, pain score and CRP levels. 
CRP levels fell from a mean baseline of 4.7 (Lig/dl to 2.6 p,g/dl after three weeks of 
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daily therapy of 70 mg/day during the treatment phase. Following the above study, 
anakinra was evaluated in a double-blind, placebo-controlled European multicenter 
study in 472 patients [3]. Patients with moderate-to-severe RA (disease duration 
between six months and eight years) and who had discontinued use of disease mod- 
ifying drugs six weeks prior to entry comprised the study. Patients were randomly 
assigned to a 24-week course of therapy with placebo or one of three subcutaneous 
doses of anakinra: 30, 75 or 150 mg/day. After 24 weeks, 43% of the patients 
receiving 150 mg/day of anakinra exhibited a significant reduction in their disease 
compared to 27% of patients injected with placebo. In addition, there was a simi- 
lar reduction in CRP levels erythrocyte sedimentation levels at all doses, whereas 
CRP and erythrocyte sedimentation levels did not change in the placebo group. 

The rate of radiologic progression of joint destruction in the patients receiving 
anakinra was significantly less than in the placebo group at 24 weeks [67]. An addi- 
tional evaluation of these patients revealed a decrease in the rate of progression in 
erosion and joint space narrowing compared to placebo. These clinical findings are 
consistent with anakinra blocking the osteoclast activating factor (OAF) property of 
IL-1 as has been reported using in vitro cultures [68]. In fact, when purified to 
homogeneity, the amino terminal sequence of osteoclast activating factor revealed 
that OAF was, in fact, IL-1 13 [69]. In patients who received anakinra, synovial biop- 
sies before and after 24 weeks of daily treatment revealed evidence of decreased cel- 
lular infiltration and expression of the adhesion molecules E-selectin and VCAM-1 
using immunohistochemical techniques [5]. In addition, the numbers of macro- 
phages and lymphocytes in the subintimal tissue were reduced compared to those 
found in biopsies from patients treated with injections of placebo. The study also 
found evidence of a reduction or arrest in cellular markers of progressive joint dis- 
ease in the synovial membrane. 

In 2001, the United States Food and Drug Administration (FDA) approved 
anakinra for treating the signs and symptoms of RA; anakinra is also approved in 
Europe. The use of anakinra to reduce joint erosions in patients is approved in the 
United States. Following the monotherapy clinical trail of anakinra, other trials of 
the combination of anakinra plus a disease modifying drug have been reported, 
including the safety of anakinra [4, 6, 70, 71]. Unlike agents that neutralize TNFa, 
anakinra in combination with disease modifying drugs have not been associated 
with opportunistic infections [70]. 



IL-18 

Inter leukin-IL- 18 (IL-18) is a member of the IL-1 family of ligands and IL-18 recep- 
tors, although distinct from those of IL-1, are also members of the IL-1 family of 
receptors. The IL-1 family is now expanded from the original two agonist members 
(IL-1 a and IL-1 (3) to include the novel cytokine IL-18 and several newly described 
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genes. This has resulted in a new nomenclature; IL-18 is also termed IL-1 Family 4 
(IL-1F4). However, for this chapter, the term IL-18 will be used. IL-18 appears to 
have unique characteristics some of which are important for its role in RA. The 
most salient of these is the induction of IFNy, particularly in the presence of IL-12. 
IL-18 is clearly a prominent IFNy-inducing factor. In fact, the term “IFNy-inducing 
factor” was the term used during the initial description of the cytokine by Haruki 
Okamura in 1989 [72]. 

In the years surrounding the 1989 report, the prominent IFNy-inducing factor 
was IL-12 and therefore investigators concluded that the factor described by 
Okamura was IL-12. However, the putative IFNy-inducing factor activity was 
purified from mouse livers and the amino acid sequence revealed a unique 
cytokine, not related to IL-12, but rather to IL-1 and particularly to IL-1|3. The 
nomenclature of newly described cytokine genes provides an interleukin number 
if the recombinant cytokine is human and has a unique biological activity. Thus, 
with the molecular cloning of “IFNy-inducing factor” in 1995 [73], the name was 
changed to IL-18. 

Because IL-18 often functions to augment IFNy production, the role of IL-18 in 
disease must consider the role of IFNy itself. IFNy is unlike other proinflammatory 
cytokines. IFNy has been administered in hundreds of thousands of humans with a 
variety of diseases, including RA. In fact, IFNy was approved for the treatment of 
RA in several European countries. The biological basis for its use in RA is, in part, 
due to its ability to suppress IL-l|3-induced prostaglandin E 2 (PGE 2 ) [74, 75] and IL- 
1 -induced collagenase activity [76]. In patients with atypical mycobacterial infec- 
tions, chronic granulomatous disease of childhood or leprosy, IFNy is used in con- 
junction with specific antibiotic therapies in order to improve intracellular killing of 
bacteria, particularly by mononuclear phagocytes [77]. There are also a large num- 
ber of reports of IFNy treatment in cancer. Overall, there has been no worsening of 
disease with the exception of exacerbation of central nervous system lesions in mul- 
tiple sclerosis. Therefore, unlike the systemic inflammatory response of humans 
injected with IL-1 [78] or TNFa [79], IFNy appears to be tolerated by humans and 
in some disease states, can be considered therapeutic. 

As with any cytokine, its role in a particular disease process is best assessed dur- 
ing preclinical testing employing specific blockade or neutralization of the cytokine 
in a complex disease model such as adjuvant, collagen-induced arthritis (CIA) or 
streptococcal cell wall-induced arthritis (SCW). Although mice deficient in IL-18 
have been generated and tested for the development of CIA [80], the observed 
reduction in disease severity may be due to a reduction in the immune response to 
the collagen because primary immunization with collagen in mice deficient in IL-18 
or deficient in the IL-18 receptor result in low titers of anti-collagen antibodies and 
likely affect the disease model itself. In some cases, severe inflammatory arthritis 
develops in the total absence of TNFa with elevated CD4 + T cells and lym- 
phadenopathy [81] raising the issue of compensatory cytokines in gene-deficient 
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studies. Nevertheless, IL-1 8 neutralization in wild-type mice is effective in reducing 
CIA [82] as well as SCW-induced arthritis [83]. The SCW-induced arthritis is of par- 
ticular relevance since this is a model of cartilage loss due to decreased proteogly- 
can synthesis and is independent of IFNy. 

In addition to the disadvantage of an immune deficiency state in some gene defi- 
cient mice, no therapeutic agent can achieve the total absence of a particular 
cytokine in humans as takes place in gene deficient animals. On the other hand, if a 
single cytokine or receptor is blocked or neutralized in wild-type mice and there is 
a dramatic reduction in the severity of the model, then that cytokine or receptor 
likely plays a critical role in the disease being tested. The difficulty arises when one 
can show that blocking other cytokines in the same model, for example, blocking 
IL-1, IL-1 5, IL-1 7 or TNFa, results in a comparable reduction in severity of the 
arthritis. This certainly is the case with IL-1 8 in that one can observe similar reduc- 
tions in the severity of CIA with blocking each of the cytokines stated above 
[82-85]. The dilemma arises as to which cytokine is best to block or neutralize clin- 
ically. In general, the cytokine to block or neutralize is the cytokine with the least 
role in normal cell function, repair or host defense. 

In addition to local disease such as CIA and SCW arthritis, IL-1 8 neutralization, 
IL-1 8 deficient mice or mice deficient in IL-1 8 receptor-a chain reveal varying 
degrees of reduced severity in models of systemic disease. In fact, there is consider- 
able overlap in blocking IL-1, IL-1 8, IFNy and TNFa in models of endotoxemia. For 
targeting IL-1 8 in humans with RA, the therapeutic agents are presently neutraliz- 
ing antibodies against IL-1 8, antibodies that block the IL-1 8 receptor a or |3 chains, 
the IL-1 8 binding protein (IL-18BP) and methods to reduce ICE activity. 



Production and release of active IL-1 8 

IL-1 8 is first synthesized as an inactive precursor, which requires processing to 
mature, active IL-1 8 by ICE. Oral ICE inhibitors are in clinical development in 
patients with RA and in some cases, Phase II trials. The therapeutic goal for inhibi- 
tion of ICE activity is the reduction in the biological activity of both IL-1|3 and IL- 
18. Another member of the IL-1 family (IL-1F7) may also be affected by inhibition 
of ICE [86]. Although the role for IL-1F7 in RA is presently unknown, IL-1F7 binds 
to the IL-18BP [87]. IL-1F7 also binds to the IL-18 receptor a-chain but without a 
demonstrable biological effect [88]. 



Production of IL-18 from human dendritic cells 

Dendritic cells play an important role in presentation of antigens to CD4 + T cells. 
Like human blood monocytes [89], human dendritic cells constitutively produce IL- 
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18 [90]. For comparison, IL-1(3 is not expressed constitutively in these same cells. 
Dendritic cells readily interact with T cells, and this interaction contributes to the 
processing and secretion of mature IL-18. Dendritic cells incubated with all-specif- 
ic T cells release mature IL-18 into the supernatant but not when incubated with 
autologous T cells. The stimulation and secretion of IL-18 is mediated via a CD40 
signal since anti-CD40 agonistic antibody also stimulated secretion of IL-18 [90]. 
Similar to IL-ip, the IL-18 precursor is found diffusely in the cytosol but approxi- 
mately 20% is co-localized to the lysosomal compartment. Following subcellular 
fractionations, the IL-18 precursor co-localizes with the endolysosomes [91]. The 
precursor of IL-ip also is found diffusely in the cytosol and co-localizes with these 
specialized endolysosomes [92]. Whereas stimulation with endotoxin results in 
release of mature IL-ip from monocytes via ICE cleavage, there is little if any secre- 
tion of mature IL-18 [89]. A similar lack of endotoxin-induced secretion of IL-18 is 
observed in dendritic cells [91]. However, upon contact with activated, alloreactive 
T cells, dendritic cells release the IL-18 precursor via the endolysosomal pathway. 
As a result, the levels of constitutive IL-18 precursor inside the cell rapidly decrease 
[91]. It is well established that exocytosis of these specialized lysosomes is a calci- 
um-dependent mechanism. In fact, increasing the extracellular calcium flux results 
in release of the IL-18 precursor [91]. Interestingly, increasing the intracellular 
release of calcium affects the secretion of the IL-18 precursor. Rubartelli has pro- 
posed that the low level of recovery of mature IL-18 may be due to the rapid uptake 
by activated T cells [91]. 

Non-ICE processing of IL-18 

In considering a therapeutic role for oral inhibitors of ICE, do other proteases con- 
vert the inactive precursors of IL-ip and IL-18 to active cytokines? Extracellular 
processing of the IL-ip precursor has been reported and is an ICE-independent 
mechanism. The enzyme that seems most associated with the processing of both the 
IL-lp as well as the IL-18 precursor is proteinase-3 (PR-3) [18]. Autoantibodies to 
PR-3 are pathological in Wegener’s disease. The IL-18 precursor is constitutively 
expressed in primary human oral epithelial cells and several epithelial cell lines. 
When primed by IFNy and then stimulated with PR-3 in the presence of endotox- 
in, these cells release active IL-18 into the supernatant [19]. Since lactate dehydro- 
genase activity is not released, the appearance of active IL-18 is not due to cell leak- 
age or death. The release of active IL-18 was independent of ICE activity. Injecting 
mice with recombinant Fas-ligand results in hepatic damage, which is IL-1 8-depen- 
dent. However, the same results are observed in ICE-deficient mice [93]. Therefore, 
IL-18 and IL-1(3 precursor processing seems to take place in the absence of ICE. 
The implications for treating RA with oral inhibitors of ICE are presently 
unknown. 
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IL-18 as a mediator of systemic inflammation 

Like all cytokine responses to infections, there are two sides to the coin. IL-18 func- 
tions to protect the host in that its ability to induce IFNy and other immunostimula- 
tory cytokines assists the immune system in a specific T and B cell mediated response. 
However, the other pathological consequences of infection are, in part, also mediat- 
ed by IL-18 in somewhat the same fashion are mediated by IL-1 and TNFa. These 
include the increases in cell adhesion molecules, the production of chemokines, 
inflammatory mediators such as nitric oxide (NO) and neutrophil activation [94]. A 
role for IL-18 in the pathological processes of systemic inflammation is derived from 
animal studies in which specific blockade of IL-18 reduces the impact on organ dam- 
age or improves the survival of the host. The first experiments showed that mice defi- 
cient in ICE, failure to process the IL-18 and IL-1 (3 precursors survived lethal endo- 
toxemia [95, 96] but mice deficient in IL-1 (3 died [97]. In fact, specific antibodies 
against mouse IL-18 also protected against the hepatic toxicity of endotoxemia [73, 
98]. On the other hand, in naive mice not preconditioned with a prior infection of 
Propionibacterium acnes , IL-18 neutralization also reduces lethal endotoxemia. 
Moreover, this protection is observed in mice deficient in IFNy [99]. Thus, one may 
conclude that IL-18 is a proinflammatory cytokine independent of IFNy. 

Since IL-18 induces synthesis of the proinflammatory cytokines TNFa, IL-1 (3 
and the chemokines IL-8 and macrophage inflammatory protein-la [100], neutral- 
ization of IL-18 would have a beneficial effect in lethal endotoxemia in naive mice. 
Anti-IL-18 antibodies protected mice against a lethal injection of E. coli or S. 
typbimurium [99]. Anti-IL-18 also reduced myeloperoxidase levels in the liver and 
lungs [99]. An increased survival was accompanied by decreased levels of IFNy and 
macrophage inflammatory protein-2 in anti-IL- 18 -treated animals challenged with 
E. coli endotoxin, whereas IFNy and TNFa concentrations were decreased in treat- 
ed mice challenged with S. typhimurium. 



IL-18 binding protein 

IL-18BP is a naturally occurring, secreted protein, which possesses a high affinity 
binding to IL-18 (dissociation constant of 400 pM) and therefore neutralizes the 
biological activity of IL-18 [101, 102]. IL-18BP is specific for mature IL-18 and does 
not bind the IL-18 precursor when assessed by ELISA [103] or BiaCore binding 
[102]. With the exception of IL-1F7 [87], IL-18BP does not bind to other members 
of the IL-1 family or several cytokines tested. IL-18BP is in clinical trials for a vari- 
ety of autoimmune diseases including RA. 

IL-18BP is not a soluble form of the membrane-bound IL-18 receptor, although 
it has many characteristics of a soluble receptor similar to the IL-1 type II receptor 
[104]. IL-1 8 BP was discovered using ligand affinity chromatography, which had 
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been used to isolate soluble (extracellular domain) receptors for other cytokines 
[105, 106], including TNF receptors p55 and p75 [107, 108]. However, IL-18BP is 
not the soluble receptor for IL-18 and is only distantly related structurally to IL- 
18Ra [102]. Unlike all members of the IL-1 receptor family, which have three Ig- 
like domains in the extracellular receptor segment, IL-18BP has only one Ig-like 
domain. It seems that the transmembrane and the first two extracellular domains of 
the ancestral IL-18 receptor were deleted during evolution. The only amino acid 
identity with the IL-18Ra chain and IL-1 8 BP is found in the third Ig domain of the 
a chain [109]. There is limited amino acid homology between IL-18BP and the IL- 
1 receptor type II, also known as the IL-1 decoy receptor. In fact, IL-18 is similar 
biologically to the IL-1 decoy receptor in that its function is primarily to bind and 
neutralize the ligand rather than act as a ligand passer. 

The human IL-18BP gene is located on chromosome llql3. Using Northern Blot 
analysis, IL-18BP is highly expressed in spleen and the intestinal tract, both immuno- 
logically active tissues. There are four isotypes of human IL-18BP and two isotypes 
of murine IL-18BP [101]. These isotypes are formed by alternate mRNA splicing of 
the respective genes. A single copy of IL-18IL-18BP gene exists for humans, mice and 
rats [110]. Only those isoforms that retain the intact Ig domain are biologically func- 
tional by neutralizing IL-18 [102]. For example, human IL-18BP has four isotypes 
termed IL-18BPa, b, c and d. Only IL-18BPa and IL-18BPc have the intact Ig domain 
and neutralize IL-18 [102]. The other two isoforms, although they are produced in 
humans, do not bind and do not neutralize IL-18. However, the mRNA splicing that 
creates these isoforms is not a haphazard event in that the spliced mRNA has an 
open reading frame, which results in the same carboxyl terminal for all isoforms. It 
is possible that IL-18BP isoform b and d bind another member of the IL-1 family. 
The mouse has two isoforms, IL-18BPc and IL-18BPd. Murine IL-18BPc and IL- 
18BPd isoforms, possessing the identical Ig domain, also neutralize >95% murine 
IL-18. However, murine IL-18BPd, which shares a common C-terminal motif with 
human IL-18BPa, also neutralizes human IL-18 [102]. 

The binding sites for IL-1 to the IL-1 receptor type I were used to model the 
binding of IL-18 to IL-18BP [102]. Modeling predicted a large mixed electrostatic 
and hydrophobic binding site in the Ig domain of IL-18BP, which could account for 
its high affinity binding to the ligand. In the site, the binding of IL-18 glutamic acid 
at position 35 and lysine at position 89 to oppositely charged amino acids in the IL- 
18BP were thought to participate. If correct, mutations in these amino acids would 
alter two properties of IL-18: binding to the IL-18Ra chain and binding to the IL- 
18BP. Therefore, biological activity, as well as the ability to be neutralized by IL- 
18BP, would be affected. In fact, mutational analysis established that these two 
amino acids are functionally important for biological activity [109, 111] as well as 
for neutralization [109]. 

A divalent fusion protein of human IL-18BP linked human IgGl Fc (IL-18BP:Fc) 
binds and neutralizes human, mouse and rat IL-18 with a dissociation constant of 
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0.3-5 nM. Using E. co/z-derived endotoxin with a lethal dose of 90%, IL-18BP:Fc 
administered 10 minutes prior to the endotoxin significantly reduced mortality 
[112]. IFNy levels were also reduced in these mice. Because of the long plasma half- 
life of Fc fusion protein, IL-18BP:Fc reduced endotoxin-induced IFNy when admin- 
istered six days before the endotoxin challenge. IL-18BP:Fc reduced hepatic injury 
as well as expression of Fas [112]. IL-18BP:Fc also decreased granuloma formation, 
macrophage-inflammatory protein- 1 -a and macrophage-inflammatory protein-2 
production. As shown previously using anti-mouse IL-18 [113], IL-18 mediates the 
hepatic damage caused by intravenously injected Concanavalin-A [112]. Fas ligand 
expression as well as liver damage induced by Pseudomonas aeruginosa exotoxin A 
or by anti-Fas agonistic antibody were also reduced by IL-18BP [112]. IL-18BP:Fc 
reduces the severity of CIA [84]. 



Viral IL-18BP: a natural experiment for the importance of IL-18 in 
inflammatory and immune responses 

The human sequence for IL-18BP is found in various members of the Pox viruses. The 
greatest homology is found in Molluscum contagiosum [101], a common infection of 
the skin that is characterized by a large number of viral particles in the epithelial cells 
without a significant presence of inflammatory or immunologically active cells. The 
viral genes encoding for IL-18BP-like have been expressed and the recombinant pro- 
teins neutralize mammalian IL-18 activity [114]. The ability of viral IL-18BP to 
reduce the activity of mammalian IL-18 may explain the blandness of the inflamma- 
tory and immune response of the viral infection. The viral genes encoding for the IL- 
18BP-like proteins also exhibit signal peptides, N-glycosylation sites and cysteine 
residues similar to those in the human IL-18BP [115]. The ability of human IL-18BP 
to neutralize human and murine IL-18 was compared to the ability of pox viral IL- 
18BP to neutralize human and murine IL-18. The dissociation constants of the viral 
IL-18BP for murine IL-18 were 12- to 50-fold lower than that for human IL-18 [116]. 



IL-18BP levels in health and disease 

The serum levels of IL-1 8 BP isoform “a” in a cohort of healthy subjects as deter- 
mined by a specific ELISA are 2.15 ±0.15 ng/ml (range 0.5-7 ng/ml) [103]. In 
patients with sepsis and acute renal failure, the levels rose to 21.9 ±1.44 ng/ml 
(range 4-132 ng/ml) but this rise was due to increased production and not to renal 
retention since there was no correlation with creatinine levels. Using the law of mass 
action and knowing the dissociation constant of IL-18BP to IL-18, total IL-18 and 
free IL-18 was calculated. Total IL-18 in healthy individuals was 64 ± 17 pg/ml and 
approximately 85% was in the free form [103]. Total IL-18 and IL-18BPa were both 
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elevated in sepsis patients upon admission (1.5 ±0.4 ng/ml and 28.6 ±4.5 ng/ml, 
respectively). At these levels, most of the IL-18 is bound to IL-18BPa, however the 
remaining free IL-18 in sepsis patients is still higher than in healthy individuals. One 
can conclude from these studies that IL-18BPa considerably inhibits circulating IL- 
18 in sepsis. Nevertheless, exogenous administration of IL-18BP may further reduce 
circulating IL-18 activity. 

The relative gene expression of the IL-18 -neutralizing (a and c isoforms) and non- 
neutralizing (b and d isoforms) of IL-18BP was studied in Crohn’s disease during 
active phases of the disease [117]. Intestinal endothelial cells and macrophages were 
the major source of IL-18BP within the submucosa. These findings were similar to 
those for IL-18BP in cultures human endothelial cells and peripheral blood mono- 
cytes. Gene expression as measured by steady state mRNA levels for IL-18BP as well 
as the IL-18BP protein were elevated in intestinal biopsies from patients with active 
disease [117]. A control group was assessed for comparison. Unbound IL-18BP iso- 
forms a and c and inactive isoform d were present in specimens from patients with 
active disease as well as from tissues from control patients. The IL-18BP isoform b 
was not detected. Elevated IL-18BP has been described in several autoimmune dis- 
eases including RA, hepatitis C treated with IFNy [118] and in patients with chron- 
ic liver diseases [119]. Serum IL-18 and IL-18BP are elevated in RA [120]. 



The IL-18BP promoter 

The regulation of IL-18BP gene expression appears to be via IFNy [121]. In a human 
colon carcinoma epithelial cell line, IFNy induced gene expression and release of IL- 
18BPa. The increase in IL-18BP was also observed in a variety of intestinal cell lines 
and in the human keratinocyte cell line. The histone deacetylase inhibitor sodium 
butyrate suppressed IFNy-induced IL-18 BP gene and protein expression [121]. The 
promoter for IL-18 BP has been described and various response elements, including 
two IFNy response elements [122]. Thus, like other naturally occurring genes encod- 
ing proteins that block a specific cytokine (soluble receptors, receptors antagonists 
and binding proteins), the cytokine itself or a related cytokine induces its own neg- 
ative regulator. IL-1 itself and TNFa are inducers of IL-lIL-lRa. 



Comparison of soluble IL-18 receptor a and |3 chains 

Although the |3 chain of IL-18R is required for signaling, the soluble (extracellular) 
form does not bind IL-18, and its role in inhibiting IL-18 is unclear. Neutralization 
of IL-18 by soluble receptors was compared with that of IL-18BP. At an equimolar 
concentration IL-18BP to IL-18, inhibition of 90% of IL-18 activity was observed, 
whereas a four-fold molar excess of the soluble IL-18Ra had no effect [123]. A 
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dimeric construct of soluble IL-18R linked to the Fc domain of IgGl increased IL- 
18 activity 2.5-fold. In PBMC stimulated with endotoxin or in whole blood stimu- 
lated with Staphylococcus epidermidis , 3 nM IL-18BP reduced IFNy by 80%, 
whereas IL-18Ra:Fc had no effect. A construct of the soluble IL-18Ra linked to Fc 
did not affect IL-18-induced IFNy even at 80-fold molar excess of IL-18. However, 
the combination of both soluble receptors reduced IFNy by 80%. In KG-1 
macrophages like cells, a 50% reduction in IL-18 activity was observed using an 80- 
fold molar excess of soluble IL-18Ra:Fc but only in the presence of soluble IL- 
18Ra:Fc. These studies reveal that the combination of the ligand binding and the 
non-ligand binding extracellular domains of IL-18R are needed to inhibit IL-18, 
whereas IL-18BP neutralizes at an equimolar concentration. 



Role of IL-18 in autoimmune disease 

IL-18 in humans with RA 

Synovial tissue from 29 patients with RA has been studied using specific staining for 
IL-18. IL-18 was detectable in 80% of the patients, in both the lining and sublining 
of synovial tissues from knees. There was a strong correlation of IL-18 with IL-1_ 
expression but less with TNFa staining [124]. Moreover, IL-18 expression correlat- 
ed with macrophage infiltration and local inflammation scores. Using measurement 
of systemic inflammation by erythrocyte sedimentation rate, IL-18 staining also cor- 
related with this biomarker. Of considerable interest was the observation that in 
patients with co-expression of IL-18 and IL-12, there were also greater levels of IL- 
17. Blocking of endogenous IL-1 7 with specific inhibitors resulted in a protective 
inhibition of bone destruction in this model [125]. Together with the data described 
below, these findings suggest that IL-18 likely plays a role in RA and perhaps regu- 
lates the activities of IL-1 (3, TNFa, IFNy and IL-1 7. In a mouse model of endotox- 
emia, a neutralizing anti-murine IL-18 antibody resulted in near suppression of 
myocardial IL-1 (3 levels [126]. In another study, circulating IL-18 and IL-1 8 BP did 
not correlate significantly with measurements of clinical of disease activity or the 
response to treatment in patients with early RA [120]. However, in general, circu- 
lating cytokines do not reflect the level of the cytokine in the affected organ or tis- 
sue. For example, IL-18 bioactivity in affected joints of patients with RA has been 
reported to correlate with disease activity [127]. 



Models of arthritis 

Initial studies were carried out using SCW-induced arthritis [83]. A neutralizing rab- 
bit anti-murine IL-18 antibody was injected shortly before induction of arthritis by 
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intra-articular injection of SCW fragments into the right knee joint. Significant 
(>60%) suppression of joint swelling was noted on days 1 and 2 of SCW arthritis 
after blockade of endogenous IL-18 and joint TNFa and IL-1 levels were also 
decreased. Severe reduction of chondrocyte proteoglycan synthesis is a prominent 
component of SCW-induced arthritis but a near complete reversal of the depressed 
chondrocyte proteoglycan synthesis was observed in the anti-IL-18-treated animals. 
Although these studies clearly established the pathological role for endogenous IL- 
18 in this model, the effect of IL-18 is apparently independent of IFNy since mice 
deficient in IFNy showed similar results using anti-IL-18 antibodies [83]. 

IL-18 also plays a role in CIA. IL-18 was injected into DBA-1 mice immunized with 
collagen in incomplete Freund’s adjuvant. There was an increase in the erosive and 
inflammatory component of the arthritis [128]. Using mice deficient in IL-18, CIA was 
less severe compared to wild-type controls [80]. Histological evidence of decreased 
joint inflammation and destruction were observed. Levels of bovine collagen-induced 
IFNy, TNFa, IL-6 and IL-12 from spleen cell cultures were decreased in IL-1 8-deficient 
mice. However, there was a significant reduction in serum anti-collagen antibody lev- 
els in the IL-1 8 -deficient mice, raising the perennial issue that gene deletions on 
immunologically active cytokines can obscure the role of a cytokine in CIA. Never- 
theless, from these studies, there is likely a pathological role for IL-18 in CIA. 

Other studies in CIA used wild-type DBA-1 mice treated with either neutralizing 
antibodies to IL-18 or the IL-18BP after clinical onset of disease. The therapeutic 
efficacy of neutralizing endogenous IL-18 was assessed using different pathological 
parameters of disease progression. The clinical severity in mice undergoing CIA was 
significantly reduced after treatment with either IL-18 neutralizing antibodies or IL- 
18BP [82]. Attenuation of the disease was associated with reduced cartilage erosion 
evident on histology. The decreased cartilage degradation was further documented 
by a significant reduction in the levels of circulating cartilage oligomeric matrix pro- 
tein (an indicator of cartilage turnover). Both strategies efficiently slowed disease 
progression, but only anti-IL-18 antibody treatment significantly decreased an 
established synovitis. Serum levels of IL-6 were significantly reduced with both neu- 
tralizing strategies. In vitro , neutralizing IL-18 resulted in a significant inhibition of 
TNFa, IL-6, and IFNy secretion by macrophages [82]. 

Mice with established CIA (21 days after the primary immunization with colla- 
gen) were treated for three weeks with either vehicle or with two doses of murine 
IL-18BP (0.5 and 3 mg/kg) as a fusion protein with the Fc portion of murine IgGl 
[84]. Both the clinical disease activity scores and the histological scores of joint dam- 
age were reduced by 50% in mice treated with either dose of IL-18BP. Proliferation 
of collagen-stimulated spleen and lymph node cells as well as the change in serum 
levels of IgGl and IgG2a antibodies to collagen between days 21 and 42 were 
decreased in mice treated with IL-18BP. The production of IFNy, TNFa, and IL-1 (3 
in cultured spleen cells was reduced by in vivo treatment with low dose, but not high 
dose, IL-18BP. Cell sorting analysis showed a decrease in NK cells and an increase 
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Table 2 - Reduction in disease severity reported with neutralization of endogenous IL-18 



(DSS) dextran sulfate sodium-induced colitis 
TNBS colitis colitis-induced colitis 
CD69 transfer-induced colitis 
Streptococcal Wall -induced arthritis 
Collagen-induced arthritis 
Con-A-induced hepatitis 

Pseudomonas exotoxin-A-induced hepatic damage 
IL-12-induced intestinal inflammation 
Endotoxin-induced hepatic necrosis 
Endotoxin-induced lethality 
Endotoxin-induced pulmonary neutrophils 
Melanoma hepatic metastasis 
Melanoma-induced endothelial VCAM-1 expression 
Ischemia-induced acute renal failure 
Ischemia-induced myocardial dysfunction 
Endotoxin-induced myocardial dysfunction 



in CD4 + T cells in spleens of mice treated with IL-18BP. The steady state mRNA lev- 
els of IFNy, TNFa, and IL-1 (3 in isolated joints were each decreased in mice treated 
with either dose of IL-18BP. The mechanisms of IL-18BP inhibition of CIA include 
reductions in cell-mediated and humoral immunity to collagen as well as decreases 
in production of proinflammatory cytokines in the spleen and joints. 

Employing an adenoviral vector containing the murine IL-18IL-18BP, intra-artic- 
ular over expression of IL-1 8 BP significantly reduced the incidence CIA in treated 
knee joints [85]. Affected knee joints of IL-18BP-treated mice showed less severe 
arthritis, with reduced cellular infiltration and less bone erosions. Loss of cartilage 
was also observed in treated mice. IgGl anti-collagen type II antibodies were simi- 
lar to those in the control vector group. 

Table 2 summarizes the effects of blocking IL-18 in various models of disease. 
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lnterleukin-1 and its receptors 

Interleukin (IL)-la and IL-1 (3 are produced by two different genes and share 26% 
amino acid homology. Both forms are synthesized as 31 kDa precursor peptides 
(pro-IL-la and pro-IL-ip), which are specifically cleaved to generate 17 kDa pro- 
teins for mature IL-la and IL-1|3. IL-1 (3 is primarily produced by macrophages and 
is primarily secreted after cleavage of its proform by IL-l|3-convertase enzyme (ICE, 
also termed caspase 1). In addition, other enzymes in the absence of ICE can process 
pro-IL-ip [1, 2]. IL-ip is produced without a hydrophobic leader peptide and thus 
does not follow the typical secretion pathway. Recently it has become apparent that 
IL-ip can be secreted either through the exocytosis of endoplasmic vesicles or can 
be rapidly released by microvesicles budding off the cell membrane [3, 4]. In con- 
trast, IL-la is expressed as a 31 kDa intracellular or membrane-bound protein in 
the human. An important distinction between these two molecules is that pro-IL-ip 
is biologically inactive, whereas both pro-IL-la and mature IL-la exhibit full recep- 
tor binding activity. In addition, to its biologic effects following receptor binding, 
pro-IL-la exerts other functions inside cells [5-7]. 

Besides IL-la and IL-ip, the IL-1 family of cytokines includes IL-1 receptor 
antagonist (IL-IRa), IL-1 8, and six novel members. The recently proposed nomen- 
clature for the IL-1 family is IL-1F1 (IL-la), IL-1F2 (IL-ip), IL-1F3 (IL-IRa), IL- 
1F4 (IL-1 8), IL-1F5 (I1-1H3, IL-lHyl, FIL16, IL-1RP3, IL-1L1, IL-16), IL-1F6 
(FILle), IL-1F7 (IL-1H4, FILl^, IL-1RP1, IL-1H), IL-1F8 (IL-1H2 and FILrp IL- 
1F9 (IL-1H1, IL-1RP2, IL-ls), and IL-1F10 (IL-lHy2 and FKSG75). The genes 
encoding for IL-la, IL-ip, IL-IRa and the six novel cytokines form a cluster on the 
long arm of chromosome 2. IL-1 8 and its binding protein (IL-18BP) are located on 
chromosome 11 (reviewed in [8]). Little information is available on the function of 
the recent IL-1 homologs in vivo. 

Three types of IL-1 receptors (IL-1R) exist as both membrane-bound and solu- 
ble forms including IL-1 receptor type I (IL-1RI), IL-1RII, and IL-1R accessory pro- 
tein (IL-lRAcP). The extracellular domains of the three types of IL-1 receptors 
belong to the immunoglobulin superfamily and share some amino-acid sequence 
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homology. In addition, they also belong to the Toll-like receptor superfamily, which 
has been shown to play a crucial role in inflammation and host response to infec- 
tious agents. IL-1 treatment of cells induces the formation of a complex of high 
affinity containing IL-1RI and IL-lRAcP. Cells that express IL-1RI but lack IL- 
lRAcP are not responsive to IL-1, indicating that the IL-1 signal transduction ma- 
chinery is dependent on the presence of IL-lRAcP [9]. IL-1 activates cells through 
the NF-kB, c-Jun N-terminal kinase (JNK)/AP-1, p38 MAPK, and ERK1/ERK2 
transduction pathways. 

In addition to IL-1R and IL-1 8 receptors, five other members of the IL-1R fam- 
ily are known, including T1/ST2, IL-1R rp2, APL, TIGIRR (or APL-2) and SIGIRR. 
Limited information is available regarding the function and the putative ligands of 
these IL-1R homologs. Recent findings suggest that receptor cytoplasmic domains 
of T1/ST2 and IL-1R rp2 can complement with either IL-lRAcP or IL-18R AP cyto- 
plasmic domains to induce NF-kB activation. In Jurkat cells transfected with IL-1R 
rp2, IL-1F9 can activate NF-kB and this effect is inhibited by IL-1F5 [10]. T1/ST2 
is expressed on T-helper type-2 (Th2) lymphocytes and some evidence indicates that 
T1/ST2 plays an important role in Th2 responses [11]. 



Effects of IL-1 in arthritis 

IL-1 is an important proinflammatory cytokine in the pathophysiology of various 
inflammatory conditions. IL-1 induces several systemic manifestations that can be 
present in RA patients such as fever, anemia, anorexia, bone loss and the increased 
production of acute-phase proteins by the liver [12]. However, the local effects of 
IL-1 may be more important in the pathophysiology of RA (Table 1). The results of 
many studies, including those derived from experimental models of arthritis 
(reviewed by W. van den Berg), strongly suggest that IL-1 is involved in the patho- 
physiology of arthritis both in early events as well as in subsequent tissue damage. 
IL-1 induces the chemotaxis of neutrophils, lymphocytes and monocytes by increas- 
ing the expression of both chemokines and adhesion molecules, enhances the pro- 
liferation of fibroblasts leading to the pannus formation, and stimulates the pro- 
duction of prostaglandin E 2 (PGE 2 ). IL-1 also contributes to the destruction of car- 
tilage, bone and periarticular tissues through effects on both synovial fibroblasts 
and chondrocytes. The effects of IL-1 on cartilage include an increase in proteogly- 
can degradation, through inducing the production of neutral matrix metallopro- 
teinases (MMPs) such as collagenase and stromelysin, and a decrease in proteogly- 
can synthesis by chondrocytes. IL-1 also alters the production of collagen by chon- 
drocytes, decreasing the production of collagen type II, the main constituent of 
cartilage, and increasing the production of collagen type I. IL-1 stimulates the for- 
mation of new blood vessels and hence contributes to the development of pannus 
mass through the release of vascular endothelial growth factor by synovial cells [13]. 
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Table 1 - Effects of IL-1 in arthritis 



Attraction of inflammatory cells 
Stimulates expression of adhesion molecules 
Induces production of chemokines 



Tissue damage 
Stimulates pannus formation 
Synovial fibroblast proliferation 
Production of VEGF 
Enhances the release of MMP 
Stimulates production of PGE2 
Stimulates directly and indirectly the effects of RANKL 
Inhibits tissue repair 

Decreased production of type 2 collagen 
Decreased production of proteoglycan 



Periarticular bone loss and bony erosions are typical features in patients with 
RA. IL-1 has a catabolic effect on bone primarily through the maturation and acti- 
vation of osteoclasts. This effect may be mediated in part by upregulating the 
expression of receptor activator of nuclear factor kB ligand (RANKL), an essential 
cytokine for osteoclast maturation and activation [14]. The biological effect of 
RANKL is controlled by osteoprotegerin (OPG), a soluble receptor that binds 
RANKL and prevents its interaction with its cell surface receptor RANK. In cul- 
tured human vascular endothelial cells, IL-1 stimulated the expression of both 
RANKL and OPG. However, OPG levels peak early and then fall, whereas the pro- 
duction of RANKL increases slowly but is sustained [15]. IL-1 has also been shown 
to enhance the stimulatory effect of activated T lymphocytes on osteoclasts [16]. In 
addition, IL-1 induces osteoclast activation through a RANKL independent path- 
way. Altogether, these results indicate that IL-1 directly and indirectly is implicated 
in the mechanisms of bone erosions. 



Endogenous IL-1 inhibitors 

IL-1 Receptor antagonist 

IL-IRa binds to cell-surface IL-1 receptors with the same affinity as IL-1 but does not 
stimulate any intracellular response. IL-IRa competitively prevents the interactions 
between IL-1 and its target cells. However, a large amount of IL-IRa is necessary to 



71 




Cem Gabay 



block the biological effects of IL-1 since binding of only a few molecules of IL-1 per 
cell suffices to stimulate a full biologic response. IL-IRa is produced as four differ- 
ent isoforms. One isoform has a hydrophobic leader peptide and is secreted (sIL- 
lRa), whereas the three others are intracellular (icIL-lRal, 2, 3). These different IL- 
lRa peptides are produced from the same gene by the use of alternate first exons, 
alternative mRNA splicing, or alternative translation initiation (reviewed in [17]). 

The results of many studies indicate that endogenous IL-IRa is produced in 
human forms of arthritis and may represent an important natural anti-inflammato- 
ry mechanism. Elevated synovial fluid levels of IL-IRa were found primarily in RA 
[18]. Neutrophils may be the major source of IL-IRa in synovial fluids, although 
these cells produced relatively less IL-IRa and more IL-1 (3 than did peripheral blood 
neutrophils [19, 20]. Synovial fluid mononuclear cells, as well as synovial tissue 
macrophages are also potential sources of IL-IRa [21]. An important anti-inflam- 
matory role for endogenous IL-IRa was suggested by a study that compared the 
clinical course of knee arthritis in patients with Lyme disease. Patients with high 
concentrations of synovial fluid IL-IRa and low concentrations of IL-ip had rapid 
resolution of acute attacks of arthritis, whereas patients with the reverse pattern of 
cytokine concentrations had a more protracted course [22]. 

In the rheumatoid synovium, IL-IRa mRNA and protein were found primarily 
in the sublining and perivascular areas and were present at lower levels in the inti- 
mal lining layer [23, 24]. Lreshly isolated synovial macrophages produced primari- 
ly sIL-IRa [21]. However, the production of IL-IRa in vivo is relatively low in com- 
parison to that of IL-1. Up to 90% of the cells at the cartilage-pannus interface in 
the rheumatoid synovium stained for IL-1 a, but fewer than 10% of these cells 
expressed IL-IRa protein [23]. 

The production of IL-IRa was also investigated in articular chondrocytes and 
synovial fibroblasts in culture. Chondrocytes produced low amounts of sIL-IRa in 
response to IL-1. The addition of IL-6 enhanced the stimulatory effects of IL-1 [25]. 
Interferon-p had a similar effect as IL-6 on IL-IRa production by human articular 
chondrocytes [23b]. Although relatively weak, the synthesis of IL-IRa by chondro- 
cytes may be sufficient to exert a protective effect against IL-1 -mediated cartilage 
lesions that occur in RA. Synovial fibroblasts produced both sIL-IRa and intracel- 
lular species of IL-IRa in response to various cytokines present in rheumatoid joints 
including IL-1, TNLa, and IFN-y [26-28]. 

Elevated serum levels of IL-IRa were found both in adults with RA and in chil- 
dren with juvenile RA. Circulating levels of IL-IRa were higher in patients with 
active RA than in those with inactive disease [29]. Results from in vitro and in vivo 
studies suggest that serum IL-IRa may be derived primarily from hepatocytes as an 
acute-phase protein in response to stimulation with IL-ip and IL-6 [30, 31]. Inter- 
estingly, rheumatoid arthritis patients exhibited a lower ratio of IL-IRa to IL-ip in 
plasma at both baseline and after surgery in comparison to patients with osteo- 
arthritis or osteomyelitis [32]. The results of these studies suggest that a relatively 
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deficient local and systemic production of IL-IRa in comparison to that of IL-1 may 
predispose to the perpetuation of inflammatory mechanisms in the rheumatoid 
joint, leading to progressive tissue destruction. 

Disease modifying anti-rheumatic drugs (DMARDs) used in the treatment of RA 
can influence the ratio of IL-1 to IL-IRa. PBMC from RA patients treated with 
methotrexate produced less IL-1 in vitro; this decrease was correlated with clinical 
improvement [29]. Gold sodium thiomalate or auranofin inhibited the production 
of IL-1 by LPS-stimulated PBMC and increased the production of IL-IRa [33]. 
Leflunomide enhanced the stimulatory effect of IL-1 on production of IL-IRa by 
both articular chondrocytes and synovial fibroblasts (Palmer et al., Arthritis Res 
Ther; in press). 



Soluble IL-1 receptor type II 

The most striking structural difference between IL-1RI and IL-1RII is the short cyto- 
plasmic domain of IL-1RII (29 amino acids), whereas IL-1RI possesses a cytoplas- 
mic tail of 213 residues. After ligand binding, intracellular signaling occurs only 
through IL-1RI. IL-1RI binds to IL-1 a with a highest affinity, and IL-1RII binds to 
IL-1 (3 with highest affinity. IL-1 receptor antagonist binds to IL-1R with the same 
affinity as IL-1 a, thus when both receptors are expressed at the cell surface, IL-IRa 
will preferentially bind to IL-1RI. 

IL-1RII may exist on the cell surface or in a soluble form only as a decoy mole- 
cule [34]. Soluble IL-1RII is found in biological fluids in a variety of pathophysio- 
logical conditions [18]. Glucocorticoids, IL-4, LPS, and TNFa stimulate expression 
or release of IL-1RII. Soluble IL-1RII can be generated by proteolysis of the extra- 
cellular domain by matrix metalloproteinases [35] or by alternative splicing of a pri- 
mary transcript leading to a secreted protein [36]. Soluble IL-1RII binds IL-1|3 with 
high avidity and prevents its interaction with cell surface IL-1RI. In contrast, solu- 
ble IL-1RII binds IL-IRa with a much lower affinity than IL-1 (3 and may supple- 
ment the anti-inflammatory effects of IL-IRa [37]. In addition, membrane-bound 
IL-1RII has also an inhibitory effect on IL-1 responses, which is probably related to 
a ligand sink function [38]. 



Other cytokines 

IL-1 production may be decreased both in vitro and in vivo by other cytokines. IL- 
4, IL-10, and IL-1 3 are primarily Th2 cytokines and they promote the expansion of 
antibody producing B cells, suppress the Thl -mediated responses such as delayed 
hypersensitivity. CD4 + Th2 lymphocytes are the major, but not only, source of these 
cytokines. Indeed, monocytes, B cells, keratinocytes also synthesize IL-10, and mast 
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cells and basophils produce IL-4. IL-4, IL-10, and IL-13 downregulated the produc- 
tion of IL-ip by cultured PBMC and rheumatoid synovial explants [39]. In addition, 
these cytokines enhanced the production of IL-IRa by cultured PBMC and rheuma- 
toid synovial explants [40, 41]. IL-4 and IL-13 increased the stimulatory effect of IL- 
1(3 on production of IL-IRa by cultured human primary hepatocytes [42]. Adminis- 
tration of IL-10 reduced the levels of LPS-induced IL-1|3 in the circulation of human 
volunteers [43]. Transforming growth factor (TGF)|3 is another potent immunosup- 
pressive cytokine. TGF|3 decreased the production of IL-1|3 and other proinflamma- 
tory cytokines in vitro while enhancing the production of IL-IRa [39]. 



Clinical trials with IL-1 inhibitors 

IL-1 has been demonstrated to play an important role in the pathophysiology of 
arthritis in various experimental models. Thus, different strategies to inhibit IL-1 
have been developed. Some are currently used in clinical practice, while others are 
in clinical trials or tested in experimental models (Table 2). 



IL-IRa 

Clinical trials with IL-IRa alone 

Recombinant human sIL-IRa, also known as anakinra, is produced by Amgen 
(USA). Anakinra has been recently approved for the treatment of RA in the USA and 
in Europe, and is now commercially available as Kineret®. 

The results of clinical trials with anakinra administered alone or in combination 
with other DMARDs are listed in Table 3. 

An initial randomized, double-blind study was performed with 172 patients with 
RA divided in nine different treatment groups. The patients received recombinant 
IL-IRa 20, 70 or 200 mg once, three times, or seven times each week for three 
weeks, followed by a four- week maintenance phase of once weekly injections [44]. 
Because of the multiple small treatment groups and the lack of placebo control, it 
was impossible to draw any firm conclusion from this first trial. However, the 
patients receiving the daily injections appeared to exhibit some clinical improvement 
that was associated with decreased serum levels of C-reactive protein. 

A subsequent randomized double-blind, placebo-controlled multicenter trial was 
performed. 472 patients with RA were randomized in four different groups to 
receive daily subcutaneous injections of placebo or three different doses of IL-IRa 
(30, 75, 150 mg) for 24 weeks [45]. After 24 weeks, the American College of 
Rheumatology (ACR) 20% (ACR20) response was achieved by 43% of the patients 
receiving the largest dose (150 mg/injection) of IL-IRa in comparison with 27% of 
those in the placebo group. The clinical responses in the 150 mg/day group were 
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Table 2 - Current and future IL-1 inhibitors 



Block ligand-receptor interaction 
IL-1 Ra 

Peptides with IL-IRa activity 



Block extracellular IL-1 
IL-1 trap 

Soluble IL-1 receptor type II 



ICE inhibitors 
Pralnacasan 



Block IL-1 intracellular signaling (not specific for IL-1) 

IKK2 inhibitors 

JNK inhibitors 

P38 MAPK inhibitors 



superior to other treatment groups and were significantly better than patients receiv- 
ing placebo. In addition, the radiological evaluation of the hands demonstrated a 
significant decrease in the severity of radiological signs of joint damage among 
patients receiving the highest dose of IL-IRa as compared with the placebo group 
[45]. A subsequent evaluation was performed using the Genant score that distin- 
guishes the joint space narrowing and the presence of bony erosions. The results of 
this study showed greater reduction in joint space narrowing (58% compared with 
placebo) than in erosion (38% versus placebo), raising the possibility that IL-1 inhi- 
bition provides a greater protection for cartilage than for subchondral bone [46]. 

Recombinant human IL-IRa was well tolerated besides the occurrence of injec- 
tion site reactions causing 5% of discontinuation in the 150 mg/day group as com- 
pared to 2% in the patients receiving the placebo. These reactions were usually 
mild, appeared within the first four weeks of treatment, and tended to regress with 
time. A 24-week extension of this study was carried out where IL-IRa was also 
given to the placebo group. The results of this extension showed that administration 
of IL-IRa to the placebo patients resulted in new clinical improvement and that the 
patients who previously received IL-IRa maintained the improvement seen in the 
first 24-week trial [47]. 

Serial synovial biopsies were performed in the 24-week randomized trial and in 
the extension study. The 12 patients included were divided in three groups: placebo 
(n = 3), 30 mg/day (n = 6), and 150 mg IL-IRa (n = 3). Cellular infiltration and 
expression of adhesion molecules was examined before and after 24 weeks of IL- 
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Table 3 - Results of clinical trials with anakinra (IL-IRa) 



Study 


Type of study 


Patients 


Results 


Monotherapy 


RCT 


172 


Clinical response with highest 
dose of anakinra, no placebo 
group 


Monotherapy 


RDBPCT 


453 


Significant improvement 
according to ACR responses 
Decreased X-ray progression 


With MTX 


RDBPCT 


419 


Significant improvement 
according to ACR responses 


With DMARDS 


RPCT 


1414 


Anakinra in combination with 
DMARDs is safe 


With etanercept 


open 


58 


Some improvement but one-third 
withdrawal, 11/58 side-effects, 
serious infections 


With etanercept 


RDBCT 


244 


Combination is not more 
efficacious than etanercept alone. 
Increased rate of infections 



RDBPCT: randomized , double-blind , placebo-controlled trial 



IRa treatment. The results showed a reduction in intimal macrophages and subin- 
timal macrophages and lymphocytes, and a downregulation of E-selectin and vas- 
cular cell adhesion molecule- 1 in patients receiving 150 mg/day IL-IRa. The absence 
of progression in radiological signs of joint damage seen in some patients correlat- 
ed with the decrease in intimal macrophages [48]. Although this study included only 
a limited number of patients, the results further demonstrated the therapeutic effect 
of IL-IRa in the rheumatoid synovium with possible consequences on joint damage. 



Combination of IL-IRa with other DMARDs 

There has been a growing interest over the past decade in the combined use of sev- 
eral anti-rheumatic drugs in the treatment of RA. The effect of IL-IRa in combina- 
tion with methotrexate has been studied recently in a randomized, double-blind, 
placebo-controlled, multicenter trial. 419 patients with active RA despite being treat- 
ed with methotrexate for six consecutive months with stable doses for > 3 months 
were randomized into six groups including placebo or 0.04, 0.1, 0.4, 1.2 mg/kg IL- 
IRa administered in a single, daily, subcutaneous injection. The primary endpoint 
was the proportion of subjects who met the ACR20 improvement criteria after 24 
weeks. The mean methotrexate dose ranged from 16.3 to 17.6 mg/week among the 
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six groups. The results demonstrated that the ACR20 rates were significantly higher 
in patients who received the combination of methotrexate and 1 mg/kg IL-IRa than 
those who received methotrexate and the placebo only (42% versus 23%). Subjects 
with IL-IRa 0.4 and 2 mg/kg also had better ACR20 responses (36 and 35%, respec- 
tively), although not significantly different than the placebo group. The effect of IL- 
IRa, according to onset of ACR20 response, was already significant at week four. 
The percentage of patients who achieved more stringent response criteria such as 
ACR50 and ACR70 was also significantly higher among those treated with 1 mg/kg 
and 2 mg/kg IL-IRa than those who received placebo. The patients treated with the 
combination of methotrexate and IL-IRa, particularly those receiving the highest 
dosage of IL-IRa (1 and 2 mg/kg) exhibited a significant improvement in their func- 
tional status as assessed by the health assessment questionnaire disability index. This 
improvement was already present at four weeks of treatment. The percentage of 
patients reporting no functional impairment at the end of the trial was significantly 
higher in those who received 1 mg/kg IL-IRa in combination with methotrexate than 
in those treated with methotrexate alone. The characterization of the functional sta- 
tus showed that largest improvement were seen in grip, activities, grooming and aris- 
ing, whereas walking was associated with the smallest improvement [49]. 

Most withdrawal in the IL-IRa 1 mg/kg and 2 mg/kg groups were due to injec- 
tion site reactions (6.8 and 9.7%, respectively). Five patients withdrew from the 
study because of leucopenia. White blood cell count returned to normal values after 
discontinuation of IL-IRa treatment. Leucopenia was not associated with episodes 
of infection. No serious infections or deaths were noted during this study. The 
results of this clinical trial indicate that IL-IRa is safe and provides a beneficial 
effect in RA patients with incomplete response to methotrexate [50]. 

Safety of IL-IRa was also assessed in a large placebo-controlled population of 
RA patients seen in clinical practice. 1,414 patients were randomized to receive 
either a combination of DMARDs and 100 mg/day IL-IRa (n= 1116) or DMARDs 
and placebo (n = 283). The rate of serious infections was slightly higher in the IL- 
IRa than in the placebo group (2.1 versus 0.4%). However, none of these serious 
infections resulted in deaths and none were attributed to opportunistic microorgan- 
isms and tuberculosis. These results from a large population indicate that IL-IRa in 
association with one DMARD or a combination of DMARDs is safe [51]. 

Combination of IL-IRa with TNF inhibitors resulted in additional improvement 
in experimental models of arthritis indicating that this approach may prove useful 
in RA patients. A Phase II open trial was conducted in 58 RA patients with active 
disease despite treatment with etanercept (a fusion protein containing the extracel- 
lular domain of TNF receptor p75 and the Fc region of human IgG class 1). These 
patients received IL-IRa at a dosage of 1 mg/kg/day. After 24 weeks, different clin- 
ical and biological parameters of disease activity were ameliorated by the combina- 
tion of IL-IRa and etanercept. However, approximately one-third of the patients 
discontinued this treatment. 11/58 patients had serious side effects, including four 
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cases with severe infection [52]. Of note, no cases of tuberculosis or opportunistic 
infections were reported. Recently, an eight-week safety Phase I double-blind, place- 
bo-controlled, dose escalation clinical trial with IL-IRa and different dose of peg- 
sunercept (pegylated extracellular portion of TNF receptor p55) was conducted in 
patients with RA. A total of 16 patients received a combination of 100 mg/day IL- 
lRa and placebo or different doses of pegsunercept. 5/16 patients with the combi- 
nation regimen experienced mild infectious episodes and one patient in the control 
group reported a mild infection. No serious infectious adverse events were reported 
[53]. The efficacy of the combination of IL-IRa with etanercept was recently exam- 
ined in a six month, randomized, double-blind, controlled study in methotrexate 
partial responders. RA patients receiving a background methotrexate therapy were 
randomized in three groups to receive either etanercept 25 mg twice weekly plus 
anakinra placebo once daily, 100 mg/day anakinra plus etanercept 25 mg once 
weekly, or 100 mg/day IL-IRa plus etanercept 25 mg twice weekly. The primary 
efficacy outcome was the percentage of patients achieving the ACR50 response at 
24 weeks. The results did not show any advantage of the combination over etaner- 
cept alone. The proportion of infectious adverse events was significantly higher in 
those treated with the combination of IL-1 and TNFa inhibitors [53 b]. 



Gene therapy 

The use of IL-IRa may be limited by the fact that high amounts of IL-IRa are nec- 
essary to block the effects of IL-1. Thus, different authors have considered the pos- 
sibility to deliver IL-IRa by local gene therapy in arthritic joints. The use of several 
experimental models of arthritis led to encouraging results [54-56]. In addition, 
anti-arthritic effects of gene transfer was also seen in contralateral untreated joints 
indicating that local gene therapy can be used in the treatment of a polyarticular and 
systemic disease [57]. The results of clinical trials of gene therapy with IL-IRa in 
patients with RA demonstrated the successful transfer of ex vivo transduced syn- 
oviocytes, resulting in intra-articular expression of IL-IRa [58]. However, two 
important issues including the safety and transient nature of cDNA expression in 
transduced cells need to be solved prior to gene therapy being considered in the 
treatment of RA. 



Soluble IL-1 receptors 

The administration of human soluble IL-1R type I exhibited some beneficial effects 
in antigen-induced arthritis in mice [59]. The efficacy of recombinant human IL-1R 
type I in patients with RA was recently examined in a randomized, double-blind, 
placebo-controlled trial. No significant improvement was observed at four weeks 
after treatment with soluble IL-1R type I administered either by intra-articular or 
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subcutaneous injection [60]. This result may be due, at least in part, to the fact that 
IL-1R type I binds much more avidly to IL-IRa than to IL-1(3 or IL-la [18]. The 
administration of soluble IL-1R type I may have inhibited binding of IL-IRa to cell 
surface IL-1 receptors, thus further enhancing the inflammatory effects of IL-1 on 
target cells. 

In contrast, soluble IL-1R type II binds to IL-IRa with much lower affinity than 
IL-1 13 and may supplement the anti-inflammatory effects of IL-IRa [37]. The 
administration of soluble IL-1R type II in experimental models resulted in a marked 
inhibition of joint swelling and joint damage [61, 62]. In addition, recent data indi- 
cates that soluble IL-1R type II exerts a chondroprotective effect in vitro [63]. Thus, 
the administration of soluble IL-1R type II may be an interesting approach in the 
treatment of RA and other IL-1 -mediated diseases. 



IL-1 trap 

IL-1 trap is a novel approach in the treatment of RA. It is a fusion protein contain- 
ing some of the extracellular binding motifs of IL-1RI and IL-lRAcP coupled to the 
Fc fraction of the human immunoglobulin IgG. IL-1 trap is synthesized as a recom- 
binant protein by cultured eukaryotic cells. It is a fusion protein in which the extra- 
cellular binding domains of IL-1RI and IL-lRAcP have been engineered into a sin- 
gle chain with two of these chains coupled to the Fc portion of a human IgG to form 
a dimeric molecule. The presence of the Fc fraction of human immunoglobulin 
enhances the circulating half-life of IL-1 trap. 

IL-1 trap binds IL-1 (3 and IL-la with high affinity (Kd =1.5 and 3 pM, respec- 
tively) [64]. Once IL-1 is bound to the trap, it cannot interact with its cell surface 
receptors and loses its biological effects. The inhibitory effect of IL-1 trap on IL-1- 
induced IL-6 production by the fibroblastic cell line MRC5 was significantly 
stronger than that of soluble IL-1R I and II, and of IL-IRa. This result is consistent 
with the weaker binding affinity of IL-1RI and IL-1RII to IL-1 (1 to 3 nM and 500 
pM, respectively). Most importantly, although soluble IL-1RI alone binds IL-IRa 
more tightly than IL-1 (3, IL-1 trap binds IL-1 13 with a much stronger affinity than 
IL-IRa. Thus, administration of IL-1 trap should not affect the anti-inflammatory 
effect of endogenous IL-IRa [64]. 

The results of in vivo studies indicate that IL-1 trap inhibited the biological 
effects of IL-1. Administration of IL-1 trap at a dose of 20 mg/kg was effective in 
inhibiting IL-l-induced IL-6 release in mice. A murine form of IL-1 trap at 20 mg/kg 
almost completely blocked the development of collagen-induced arthritis with sub- 
stantial reduction of bone erosions [64]. 

The pharmacological studies performed in patients with RA showed that phar- 
macokinetics of IL-1 trap are dose-dependent. T max values ranged from 90 to 120 h 
and C max ranged from 218 to 1,896 ng/ml following subcutaneous injections of 50 
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to 400 M'g/kg. Terminal half-life varied from 128 to 182 h (unpublished data). The 
safety and efficacy of IL-1 trap was assessed in a Phase lb randomized, dose-esca- 
lating, double-blind, placebo-controlled trial including four groups of 15-20 
patients with active RA. Each group received six weekly doses of 0, 200, 400, 
800 pg/kg IL-1 trap. After six weeks, an average ACR20 was achieved by 74% of 
patients in the 800 pg/kg group as compared with 36% of placebo-treated patients. 
ACR50 was achieved by 49% of the 800 pg/kg group as compared with 16% in the 
placebo group. These results were statistically significant. After six weeks, a medi- 
an improvement in ACR-N score of approximately 26% was achieved in the high- 
est dose group as compared with 6% in the placebo group. Circulating levels of 
CRP decreased in a dose-dependent manner in IL-1 trap-treated patients (Presented 
at the 2002 ACR annual meeting). A multicenter, randomized, placebo-controlled, 
double blind Phase II trial is currently in progress. 



ICE inhibitor 

Another potential therapeutic approach to RA is to reduce the production of IL-1 
by interfering with its processing and secretion. IL-1 13 is synthesized in the cyto- 
plasm as an inactive precursor pro-IL-ip that lacks a typical leader sequence. Secre- 
tion of IL-1|3, by an as yet unclear mechanism, is accompanied by processing by 
ICE, a cysteine protease that cleaves pro-IL-ip to generate the mature 17 kDa form. 
Mice lacking the ICE gene do not produce IL-ip in response to LPS, and, paradox- 
ically, also are deficient in production of IL-1 a [65]. In addition, ICE knockout mice 
are not susceptible to collagen-induced arthritis [39]. Specific small molecule 
inhibitors of ICE have been synthesized. 

The administration of ICE inhibitors blocked the progression of collagen-induced 
arthritis in mice [66]. In a Phase I trial, pralnacasan, an ICE inhibitor, was well tol- 
erated. A 12-week Phase II placebo-controlled multicenter study was performed in 
285 RA patients receiving concurrent DMARDs. Pralnacasan produced a trend 
toward a dose-dependent protection, with ACR20 responses just failing to achieve 
significance. This was accompanied by a significant reduction in inflammatory serum 
markers (CRP and serum amyloid A) as well as MMP-1 and TIMP-1 [67]. This dis- 
appointing result can be explained by the fact that besides ICE, other enzymes are 
also able to cleave pro-IL-ip and thus, contribute to the release of biologically active 
IL-1 p. In addition, ICE does not influence the biological effects of IL-1 a. 



Future targets and conclusion 

IL-1 stimulates different post-receptor signaling pathways that play an important 
role in cell activation. Thus, it is conceivable that strategies aimed to interfere with 
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these intracellular signaling pathways should be beneficial for the treatment of 
arthritis. Recently, small molecules with inhibitory effects on intracellular signaling 
have been used with success in experimental models of arthritis. In addition, in con- 
trast to current anti-cytokine therapies, some of these small molecules can be admin- 
istered orally. 

NF-kB is one of the potential targets for therapy. The oral use of proteasome 
inhibitors, which block the degradation of IkB and the translocation of NF-kB in the 
nucleus, reduced the severity of peptidoglycan polysaccharide-induced arthritis in 
female Lewis rats [68]. Recently, the oral administration of IKK2 inhibitors de- 
creased the severity of arthritis in two different experimental models [69, 70]. IL-1 
induces also the activation of p38 MAPK and JNK. Accordingly, the administration 
of p38 MAPK inhibitors decreased the severity of adjuvant-induced arthritis in the 
rat [71]. Most interestingly, inhibition of JNK was devoid of any effect on joint 
swelling but inhibited the expression of MMP-3 and prevented the development of 
joint damage in rats with adjuvant-induced arthritis [72]. 

Collectively, the results of experimental studies and of clinical trials with IL-1 
inhibitors clearly demonstrated that IL-1 is an important target for the treatment of 
RA. However, the clinical trials showed that the effect of IL-IRa on ACR response 
rates were weaker than those observed with different TNF inhibitors. These data 
contrast with the marked positive effect of IL-1 inhibitors in several animal models 
of arthritis and suggest either that IL-1 has a less predominant role in human RA or 
that IL-IRa does not block all the effects of IL-1 in vivo. In this latter case, IL-1 trap 
may possess an advantage over IL-IRa because it inhibits the biological effect of IL- 
1 with a much stronger affinity than IL-IRa. In addition, IL-1 trap has a longer cir- 
culating half-life than IL-IRa and can be administered once a week. The results of 
future clinical trials with IL-1 trap will provide important information regarding the 
efficacy of IL-1 targeting in RA. The efficacy and safety of combination of IL-1 
inhibitors with other biological agents should be further tested in clinical trials. The 
combination of IL-IRa with potent anti-inflammatory agents may also be of poten- 
tial value. In this approach, IL-IRa may act rather as a chondroprotective agent and 
prevent long-term joint damage. In addition, the development of other therapeutic 
agents administered orally including intracellular signaling inhibitors and small pep- 
tides blocking specifically the binding of IL-1 to its cell surface receptors may prove 
of potential value. 
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Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by per- 
sistent synovitis and progressive destruction of cartilage and bone in the multiple 
joints [1]. The pathological features of the affected joints consist of hyperplasia of 
inflamed synovium and erosion of cartilage and bone where the pannus tissue 
invades. There are numerous immunocompetent cells such as T cells, macrophages, 
dendritic cells and plasma cells infiltrating in the synovium [2]. Many small blood 
vessels are also observed and thought to be necessary to oxygenate the tissue [3]. In 
addition to local inflammation of the joints, patients are associated with systemic 
inflammatory manifestations such as fever, fatigue and anemia, and laboratory find- 
ings such as elevated erythrocyte sedimentation rate (ESR) and C-reactive protein 
(CRP), hyper-y-globulinemia, and thrombocytosis. 

The etiological causes of RA are not fully understood. Autoimmune mechanisms 
have been thought to exist in the pathogenesis of the disease [4]. Autoreactive T cells 
may recognize self-antigens due to shortcomings in the correct distinction of non- 
self-antigens from self-antigen or disruption of self-tolerance. Autoreactive T cells 
induce the proliferation and differentiation of immunocompetent cells and stimulate 
B cells to produce autoreactive antibodies such as rheumatoid factors. They also 
activate the tissues expressing self-antigens. In these processes, various mediators 
including both pro-inflammatory and anti-inflammatory cytokines are released. 
Pro-inflammatory cytokines such as tumor necrosis factor-a (TNFa), interleukin- 1 
(IL-1), IL-6, IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF) are 
abundant compared with anti-inflammatory cytokines or cytokine inhibitors such 
as IL-4, IL-10, IL-1 receptor antagonist (IL-IRa), and soluble form of TNF recep- 
tor (TNF-R). The chronically deviated cytokine milieu is responsible for the appear- 
ance of various clinical abnormalities observed in RA [5]. It also generates the 
pathological changes such as immunocompetent cell activation and infiltration to 
synovium, synovial cell proliferation, osteoclast activation and angiogenesis in the 
inflamed joint. Therefore, the pro-inflammatory cytokines are potential therapeutic 
targets to block their actions for the treatment of RA. 
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Biological therapeutic agents targeting TNFa and IL-1 have been used success- 
fully to treat patients with RA [6-9]. However, about 30% of the patients fail to 
respond to these agents. Therefore, we still need another tactic for the treatment of 
this refractory disease. IL-6 is a target molecule distinct from TNFa or IL-1 whose 
actions need to be blocked for the treatment of RA. 



Rationale for anti-IL-6 therapy 

Pleiotropic function of IL-6 and abnormalities in RA 

IL-6 has been shown to be produced by various types of cells such as T cells, B cells, 
monocytes, fibroblasts, endothelial cells and several kinds of tumor cells. In the 
affected joints of patients with RA, IL-6 is produced by T cells, B cells [10] as well 
as synovial cells [11, 12]. This IL-6 production from synovial cells is augmented by 
IL-ip and TNFa [13]. 

IL-6 is a pleiotropic cytokine with a wide range of biological activities on vari- 
ous target cells. Therefore, continuous overproduction of IL-6 may result in the 
appearance of various clinical symptoms and abnormal laboratory findings 
observed in RA as shown in Figure 1. 

IL-6 is an important regulator of immune response. It was originally identified 
as B cell differentiation factor that induces activated B cells to produce immunoglob- 
ulin [14]. Therefore, overproduction of IL-6 may cause hyper-y-globulinemia and 
the increase in autoantibodies, including rheumatoid factors. IL-6 activates T cells 
through induction of IL-2 receptor expression [15, 16]. Overproduction of IL-6 
results in the increase in autoreactive T cells. IL-6 may also regulate the interaction 
of immunocompetent cells through induction of adhesion molecules [17, 18]. There- 
fore, IL-6 may enhance autoimmune reaction. 

IL-6 is also a pro-inflammatory mediator that promotes acute phase reaction. It 
induces fever and leukocytosis when it is administered in vivo [19, 20]. IL-6, as a 
hepatocyte stimulating factor, induces production of acute phase proteins such as C- 
reactive protein (CRP), fibrinogen (Fib), a 1 -antitrypsin and serum amyloid A (SAA) 
from hepatocytes, while it simultaneously suppresses production of albumin 
[21-24]. Increase in CRP, Fib, SAA levels, acceleration of erythrocyte sedimentation 
rate (ESR) and decrease in serum albumin may be explained by continuous over- 
production of IL-6. Overproduction of SAA is responsible for the secondary amy- 
loidosis that is an important complication in oriental patients, because only a ther- 
apy that successfully reduces the supply of amyloid fibril protein precursors is fol- 
lowed by substantial regression of amyloid [25]. 

IL-6, as a megakaryocyte differentiating factor, stimulates production of platelets 
[26] and over-expression of IL-6 may be responsible for the thrombocytosis found 
in vivo in RA patients [27]. 
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Figure 1 

IL-6 actions and abnormalities in RA 

IL-6 is a pivotal cytokine that induces vascular endothelial growth factor (VEGF) 
production synergistically with IL-1|3 or TNFa [28]. VEGF is a potent inducer of 
angiogenesis which is necessary to oxygenate the hyperplastic synovial tissues in the 
affected joints [29, 30]. 

In the bone metabolism, IL-6, in the presence of soluble IL-6 receptor (sIL-6R), 
induces osteoclast precursor cells to differentiate to authentic osteoclasts character- 
ized by the presence of tartrate-resistant acid phosphatase (TRAP) activity, calci- 
tonin receptors and pit formation in dentine slices [31]. Therefore, IL-6 may be 
responsible for bone and cartilage destruction and osteoporosis associated with RA. 

In fact, elevation of IL-6 levels has been observed in both serum and synovial 
fluid in the patients with RA, and there have been correlations between serum IL-6 
levels and clinical and laboratory indices of RA [10, 32-34]. These lead to the idea 
that interference with IL-6 actions could be a therapeutic approach for RA. 



IL-6 receptor system 

IL-6 signal transduction to exert the pleiotropic actions is mediated by a unique IL- 
6 receptor (IL-6R) system. The IL-6R system consists of two functional membrane 
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proteins: an 80 kDa ligand-binding chain (IL-6R, IL-6R a-chain, CD126) [35] and 
a 130 kDa non-ligand-binding but signal-transducing chain (gpl30, IL-6R (3-chain, 
CD130) [36]. IL-6 binds to cell surface IL-6R, and the IL-6/IL-6R complex induces 
the homodimerization of gpl30 molecule, followed by the formation of a high- 
affinity functional receptor complex of IL-6, IL-6R, and gpl30 [37]. 

A soluble form of IL-6R (sIL-6R), lacking the intracytoplasmic portion of IL-6R, 
is also capable of transducing the signal as a ligand-binding receptor into the cells 
that express insufficient amount of cell surface IL-6R [36, 37]. Thus, IL-6 binding 
to either a membrane-anchored or soluble form of IL-6R can mediate IL-6 signal 
into cells as long as they express gpl30. The sIL-6R, observed both in the serum and 
in the synovial fluids from RA patients, appears to play pathological roles in RA 
[38, 39]. 

Based on an understanding of this unique receptor system of IL-6, a strategy has 
been established to inhibit IL-6 functions. Several therapeutic approaches are pro- 
posed to block the signal of IL-6: 

1. Inhibition of IL-6 production 

2. Neutralization of IL-6 

3. Blockade of IL-6 binding onto IL-6R 

4. Blockade of IL-6/IL-6R complex binding to gpl30 

5. Suppression of IL-6R and gpl30 expression. 

6. Blockade of the intracytoplasmic signal from gpl30. 

Wendling et al. utilized mouse monoclonal anti-IL-6 antibody to neutralize IL-6 and 
found improvement in the disease activity of RA patients [40]. Therefore, interfer- 
ence with IL-6 action may constitute a new therapeutic strategy for RA. We have 
attempted to block IL-6 actions using a monoclonal antibody specific to IL-6R. The 
antibody recognizes the IL-6 binding site of both membranous and soluble forms of 
IL-6R and, therefore, is capable of inhibiting IL-6 signals mediated by both mem- 
branous and soluble forms of IL-6R (Fig. 2). 



Humanized anti-human IL-6R antibody, MRA 

Mouse antibody is highly antigenic in humans and causes emergence of human neu- 
tralizing antibodies against mouse antibody, so that the therapeutic value of mouse 
antibody in human chronic diseases remains limited. In order to administer the 
monoclonal antibody to patients in repeated doses, the antibody must be engineered 
to look like human antibody. Sato et al. achieved humanization of the anti-human 
IL-6R antibody by grafting the complementarity determining regions from mouse 
anti-IL-6R antibody to human IgGl [41]. This humanized anti-IL-6R monoclonal 
antibody is now called MRA. It is equivalent to both original mouse and chimeric 
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Figure 2 
IL-6R system 

IL-6 binds to both membrane and soluble forms of IL-6R followed by homodimerization of 
gpIBO which mediates the signal into the cells. MRA blocks the binding of IL-6 to both 
membrane and soluble forms of IL-6R. 



anti-IL-6R antibody in terms of antigen binding and blocking IL-6 actions. Fur- 
thermore, it is less immunogenic for human and shows longer half-life when admin- 
istered in vivo in humans. We attempted to block IL-6 signal transduction by utiliz- 
ing this humanized anti-IL~6R monoclonal antibody, MRA, for the treatment of RA. 



Effect of anti-IL-6R antibody in animal models 

Collagen induced arthritis (CIA) as a model for RA 

Animal models for arthritis have been used to study the pathological significance of 
IL-6 as well as the therapeutic effects of agents in blocking IL-6 actions. Collagen 
induced arthritis (CIA) in DBA/1 J mice is an experimental model widely used for 
studying disease processes in, and potential therapies for, human RA. CIA develops 
in rodents after immunization with bovine type II collagen with adjuvant. Excess 
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production of IL-6 has been observed in sera from animals with CIA, suggesting 
that IL-6 is involved in the pathogenesis of CIA [42, 43]. 

Alonzi et al. showed the IL-6 gene knockout mice obtained a constitution com- 
pletely resistant to CIA [44]. The finding suggests that IL-6 is essential for the devel- 
opment of CIA. Later on, Sasai et al. reported that IL-6 gene knockout delayed the 
onset of CIA and also reduced its severity [45]. Although the susceptibility of the 
mice to CIA differed between the two reports, both studies indicate that IL-6 plays 
an important role in CIA. However, inactivation of IL-6 gene affected the total 
immune response in mice, and therefore makes it difficult to identify the actual 
mechanism for decreasing susceptibility to and/or the severity of CIA. 

We have analyzed the effect of anti-IL-6R antibody on CIA to establish whether 
blockade of IL-6 signal utilizing anti-IL-6R antibody could be a therapy for RA 
[46]. Rat anti-mouse IL-6R monoclonal antibody, MR16-1, was used to treat the 
DBA/1J mice immunized twice at a three-week interval with bovine type II collagen 
emulsified with complete adjuvant. In the mice, excess production of IL-6 in sera 
was observed within 24 hours after the first immunization but rapidly decreased 
(Fig. 3A). Serum IL-6 increased again 14 days after the first immunization in con- 
junction with the onset of arthritis, as previously reported [42, 43]. When MR16-1 
was administered immediately after the first immunization, it inhibited the develop- 
ment of arthritis while isotype-matched control antibody KH-5 could not (Fig. 3B). 

Humanized anti-human IL-6R monoclonal antibody, MRA, is specific to human 
IL-6R and cannot recognize mouse or rat IL-6R. However, it does cross-reacts with 
monkey IL-6R. So, the effect of MRA was examined for CIA in cynomolgus mon- 
keys [47]. Similarly to MR16-1 treatment for CIA in DBA/1 J mice, MRA treatment 
decreased the incidence and the severity of CIA in the monkeys. Histological exam- 
ination also demonstrated the effect of MRA. In a non-treated control, affected 
joints showed synovial proliferation, pannus formation, infiltration of neutrophils, 
angiogenesis and destruction of cartilage and bone. On the contrary, in the monkey 
treated with MRA, these pathological changes were not observed. 

These findings indicate that blocking IL-6 actions with anti-IL-6R antibodies 
could prevent the development of CIA. 



Figure 3 

Anti-IL-6R antibody treatment for collagen induced arthritis in mice 

Collagen induced arthritis (CIA) in DBA/1 J mice was used to test the efficacy of anti-IL-6R 

antibody 

A. Changes in serum IL-6 levels after immunization with bovine type II collagen with adju- 
vant 

B. Rat anti-IL-6R antibody ; MR16-1, prevented the development of CIA. 

C. Early phase blockade of IL-6 actions is necessary to inhibit the development of CIA. (Mod- 
ified figures from Takagi et at [46]) 
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Mechanisms of action of anti-IL-6R antibody in preventing CIA 
What are the mechanisms for anti-IL-6R antibodies to prevent the development of 
arthritis induced by the immunization with type II collagen? Interestingly, the sup- 
pressive effect of MR16-1 for CIA was observed only when MR16-1 was injected 
within three days after the first immunization of bovine type II collagen, but not 
when MR16-1 was injected seven days after immunization or later (Fig. 3C). Fur- 
thermore, the production of IgG anti-type II collagen antibodies and the prolifera- 
tion of splenic lymphocytes in response to type II collagen were suppressed in the 
mice whose CIA was prevented by the MR16-1 treatment [46]. Therefore, anti-IL- 
6R antibody MR16-1 acts mainly in a very early phase before appearance of arthri- 
tis symptoms by suppressing immunization of bovine type II collagen. In contrast, 
anti-TNFa and anti-IL-1 antibodies have shown to ameliorate the established 
arthritis in CIA models [48, 49]. This evidence indicates the difference in the mech- 
anisms between the anti-IL-6 therapy and anti-TNFa or anti-IL-1 therapies for CIA. 

So far we do not know the pathological significance of the second increase in 
serum IL-6 levels in this CIA model. IL-6 may play different roles in each phase of 
the development of CIA. 

Next, we need to address a question as to whether or not anti-IL-6R antibody is 
indeed therapeutically effective in human RA because the arthritis has already been 
established in the patients who visit a clinic for treatment. 



Severe combined immunodeficiency (SCID) mice transplanted with RA 
joint tissue 

Severe combined immunodeficiency (SCID) mice transplanted with joint tissue from 
human RA can maintain histological features identical to human RA in the trans- 
plants [50]. Since the transplanted tissue is from human, therapeutic agents such as 
monoclonal antibodies, which react specifically to human antigens, can be exam- 
ined for their efficacy in this mouse model. The model was used to examine the ther- 
apeutic usefulness of humanized anti-human IL-6R monoclonal antibody, MRA, for 
RA. Intraperitoneal administration of MRA (100 |ag/body, weekly) for a period of 
one month significantly decreased the volume of implanted tissue. The treatment 
also reduced the number of infiltrating inflammatory cells, matrix metalloproteinase 
(MMP)-9 positive cells, and TRAP-positive cells in the implanted synovium. There- 
fore, IL-6 blockade could eliminate the inflammation of RA synovium and prevent 
joint destruction by decreasing MMP production and the number of osteoclasts. 
The findings suggest that MRA may be effective for the treatment of RA patients 
even though their arthritis has already been established. 

In patients with RA, the repetition of amelioration and exacerbation is observed 
and suggests that the antigen stimulation for autoimmune response continues inter- 
mittently in vivo in patients, where IL-6 may regulate the immune reaction. There- 
fore, MRA can ameliorate the activity of arthritis by suppressing such autoimmune 
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response. The SCID mice transferred with CD45Rb+CD4+ T cells from BALB/c 
mice develop Type 1 T helper cell-mediated murine colitis like Crohn’s disease. IL- 
6 presumably contributes to the increased resistance of mucosal T cells against 
apoptosis. MR16-1 suppressed established experimental colitis by inducing apopto- 
sis of lamina propria T cells [18, 51]. Therefore, blockade of IL-6 may induce apop- 
tosis of autoreactive T cells in RA, too. In addition, MR16-1 treatment suppressed 
serum TNFa and IL-1(3 levels in the mice [18] suggesting the existence of regulato- 
ry mechanism for inflammatory cytokine production by IL-6. Blockade of IL-6 may 
downregulate the production of these cytokines. 



Clinical studies with anti-IL-6 therapy 

Pharmacokinetic of MRA 

In the Phase I/II study of MRA for RA in Japan, pharmacokinetic, safety and effi- 
cacy was assessed [52]. In an open-labeled multi-dose trial, 15 RA patients received 
an i.v. infusion with three doses; 2, 4 or 8 mg of MRA/kg body weight every two 
weeks. The serum concentration of MRA decreased in a nonlinear manner with the 
dose range from 2-8 mg/kg (Fig. 4). In the 2 mg/kg group, serum MRA was detect- 
able in four out of five patients, while in the other one, MRA was not detectable in 
the trough level. In the 4 mg/kg group, two patients could not maintain the serum 
MRA levels in the trough level. In the 8 mg/kg group, MRA was always detectable 
during the treatment period; and this trough level of MRA appeared important to 
block IL-6 actions assessed by serum CRP levels. The Tl/2 increased as the dose 
increased and also as repeatedly administered. Multiple infusions also prolonged the 
Tl/2 and that after the third dose in the 8 mg/kg group reached 241.8 ± 71.4 hours. 
The mean area-under-the-curve (AUC) increased as the dose increased and the val- 
ues (mean ± SD) were 3.44 ± 8.22, 4.66 ±2.18 and 10.66 ± 4.07 mg*hour/ml in the 
2-, 4- and 8 mg/kg groups, respectively [52]. 



Clinical benefits 

Wendling et al. reported clinical benefits of IL-6 blockade for the treatment of RA. 
They administered mouse anti-human IL-6 monoclonal antibody every day for total 
of two weeks to five patients with RA and found improvement in symptoms and 
laboratory findings [40]. Although the antibody that they used in the trial was 
derived from mouse, and therefore it was difficult to continue the treatment, they 
suggested that blockade of IL-6 actions can be a therapy for RA. 

We conducted an early pilot study of humanized anti-IL-6R antibody, MRA, for 
patients with RA in 1995 to!997. We treated 11 patients with refractory RA with 
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Administration of MRA 
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Figure 4 

Serum MRA concentrations after i.v. administration of MRA 

Serum levels of MRA were monitored after the administration of MRA. Note that 8 mg/kg 
every two weeks resulted in the continuous increase in the trough levels of MRA. 8 mg/kg: 
closed circle; 4 mg/kg: open circle; 2 mg/kg: open triangle. 

(Modified figure from Nishimoto et al. [52]) 



MRA after obtaining the permission of the ethical committee of Osaka University 
[53]. All the patients had active disease resistant to conventional therapy using var- 
ious disease modifying anti-rheumatic drugs (DMARDs) including methotrexate 
and low-dose corticosteroids. The patients were treated with MRA in a regimen to 
maintain their serum MRA levels (5~10 p,g/ml in the trough levels) because the con- 
centration of MRA had been proven to inhibit the proliferation of IL-6-dependent 
myeloma cells in vitro. Such concentrations of serum MRA were achieved in the 
patients by the administration of 50 mg of MRA twice a week or 100 mg of MRA 
once a week. The treatment rapidly improved CRP and ESR levels in all the patients 
followed by the reduction of swollen joint counts and pain/tender joint counts. The 
therapy was relatively well tolerated but appearance of anti-idiotypic antibody was 
observed in one case, who was therefore withdrawn. Two additional patients were 
withdrawn: one because of the occurrence of an attack of angina, the relation of 
which to MRA administration could not be classified, and the other for personal 
reasons. A decrease in neutrophil counts was observed in most of the cases on the 
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day after MR A administration but mostly within the normal range. In the eight 
patients who received MRA treatment for more than eight weeks, both clinical and 
laboratory findings improved during treatment. At two months, clinical response 
was 88% assessed by ACR20 criteria, and 50% by ACR50, although this is an open 
trial. The response to MRA did not change over six months. These results suggest- 
ed that MRA is relatively safe and useful in the treatment of RA. On the basis of 
our data, Phase I clinical trials for RA patients in the United Kingdom [54] and for 
healthy individuals in Japan were started in 1997. Later, Phase I/II studies in Japan 
were started in 1999 [52]. 

In the Phase I clinical trials in the United Kingdom, single doses of 0.1, 1, 5 and 
10 mg of MRA per kg or placebo was administered to patients and the efficacy was 
assessed two weeks after the administration of study drug according to ACR20 cri- 
teria. In the 5 mg/kg group, 55.6% of the patients achieved ACR20, while none of 
the placebo group achieved ACR20. In the other dosages, however, no statistically 
significant difference was observed in comparison with placebo group. CRP was 
normalized at two weeks in 5 mg/kg and 10 mg/kg groups. In addition, no serious 
adverse reaction related to MRA treatment was observed. The study suggested the 
clinical benefit of MRA for the treatment of RA [54]. 

In the Phase I/II study of MRA for RA in Japan, 15 RA patients received an i.v. 
infusion with three doses of 2, 4 or 8 mg of MRA per kg body weight every two 
weeks [52]. Each cohort consists of five patients and the safety was evaluated after 
six weeks of treatment. Once the safety and tolerance was satisfactory, escalation to 
the next dose was examined with a group of newly recruited patients. The patients 
were allowed to stay on MRA treatment for 24 weeks and further assessed for the 
safety and efficacy. Extension study was also prepared for further assessment of 
safety and efficacy. A total of 70 adverse reactions were reported but none of them 
were serious. Interestingly, increase in total cholesterol was detected as an MRA- 
related reaction in 10 out of 15 patients. No antinuclear antibody or anti-DNA anti- 
body newly appeared and no anti-MRA antibody was detected without the use of 
immunosuppressive agents such as methotrexate. Figure 5A shows the decrease in 
the objective inflammatory markers by MRA treatment. The decrease in CRP and 
SAA was rapid and normalized within six weeks in most of the patients. However, 
three patients did not become seronegative for CRP. In these three patients, MRA 
was undetectable in the trough level. When the injection dose was increased to 8 
mg/kg bi-weekly, serum MRA levels were maintained and they also became negative 
for CRP. Similarly to CRP, SAA levels were also normalized. Tender joint counts and 
swollen joint counts also gradually decreased by MRA treatment (Fig. 5B). 
Response rate in the ACR criteria is shown in Figure 5C. At six weeks, 60% of the 
patients achieved ACR20, and after 24 weeks about 90% achieved ACR20 and 
40% achieved ACR50. Although the optimal dosing schedule was not defined in 
this small study, maintenance of serum MRA concentration seemed important to 
achieve efficacy. 
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To confirm the result of these early studies, double-blind randomized placebo- 
controlled Phase II studies for RA were conducted both in Japan and in Europe from 
2001 to 2002. In the Japanese Phase II study, 164 patients with refractory RA were 
randomized to receive i.v. treatment with placebo, 4 or 8 mg of MRA per kg body 
weight every four weeks for a total of three months and the clinical responses were 
measured using the ACR criteria [55]. At three months, 78% of the patients in the 
8 mg group and 57% in the 4 mg group met the ACR20 criteria while only 11% in 
the placebo group achieved it. In the European Phase II study, 359 patients with 
active RA with an inadequate response to methotrexate were randomized to receive 
placebo, 2, 4 or 8 mg of MRA per kg every four weeks either as monotherapy or in 
combination with methotrexate [56]. Eight mg of MRA per kg most effectively 
decreased the disease activity. Efficacy was also seen with 2 and 4 mg/kg particu- 
larly in combination with methotrexate. Now Phase III studies are being conducted 
in Japan. 



Conclusion 

Clinical trials of MRA for RA have shown the clinical benefit of MRA for improv- 
ing signs and symptoms of RA. However, it remains to be proven whether or not 
MRA can prevent joint destruction in patients with RA. It is also required to know 
the long term safety and efficacy of MRA. Since IL-6 is essential for the host defense, 
the clinical trials need to examine the incidence of serious infections and malignant 
diseases. An increase in total cholesterol was observed in the clinical trials. Since 
HDL cholesterol was also increased in association with LDL cholesterols, it does not 
always mean the increase in the risk of cardiovascular diseases. However, long term 
follow up of patients will be required to define the safety of MRA treatment. 

The mechanism of the action by which MRA exerts its therapeutic effect is still 
not fully understood. Recently, Nakahara et al. reported that blockade of IL-6 
inhibits the production of VEGF from synovial fibroblasts and also decreases serum 
VEGF levels in RA patients. It might be one of the mechanisms how MRA shows 
the efficacy because VEGF is a potent inducer of angiogenesis essential for the syn- 



Figure 5 

Efficacy of MRA for RA 

A. Decrease in acute phase proteins by MRA treatment Closed circles show the patients 
whose trough MRA levels were detectable. Open square show those whose trough MRA lev- 
els were undetectable. 

B. Changes in tender and swollen joint counts by MRA treatment. 

C. Changes in response rate to MRA treatment assessed by ACR criteria. 

(Figure modified after Nishimoto et al. [52]) 
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ovial hyperplasia. To establish the anti-IL-6 therapy for RA, it is necessary to eluci- 
date the exact mechanisms for MRA to show the therapeutic efficacy. 

IL-6 is also involved in various kinds of diseases such as Castleman’s disease, 
Crohn’s disease, systemic-onset juvenile idiopathic arthritis, multiple myeloma and 
systemic lupus erythematosus in addition to RA. Those are the possible targets of 
MRA in the future. 
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Introduction 

Chronic inflammatory arthropathies such as rheumatoid arthritis (RA) and psoriat- 
ic arthritis are common. They are a major cause of disability globally. Although the 
precise aetiopathogenesis of these inflammatory arthropathies have not been eluci- 
dated, inflammation and damage are common features. Active joint inflammation 
results in pain, stiffness and dysfunction. Chronic synovitis leads to cartilage and 
bone damage through mechanisms that have been discussed in details already in the 
previous chapters of this book. Cytokines, mediators of inflammation, are found in 
abundance in the synovial joints of patients with active inflammatory arthropathies. 
They are produced by activated lymphocytes, monocytes and fibroblasts. Many 
cytokines such as interleukin (IL)-l, IL-6 and tumor necrosis factor a (TNFa) are 
also found in the peripheral blood of patients with inflammatory arthropathies and 
are responsible for some of the systemic features such as fatigue, fever and weight 
loss. Specific cytokine inhibitors are now available as treatment for chronic inflam- 
matory arthropathies. Although expensive, they are cost effective treatments that 
have significantly advanced the management of inflammatory arthropathies. 

The therapeutic benefit of cytokine blockade was first demonstrated in RA and 
has been extended to other chronic inflammatory diseases including Crohn’s dis- 
ease, ankylosing spondylitis and psoriatic arthritis. Worldwide, RA is the most com- 
mon chronic inflammatory arthropathy. Disease incidence is 30-50/100,000/year 
while prevalence is 5-20/1,000 [1]. It is a systemic disease characterized by a sym- 
metric, destructive arthritis with a predilection for the joints in the hands and feet, 
although any synovial joint can be affected. Extra-articular and systemic manifesta- 
tions are common. 

Prognosis of RA is poor; 80% of cases are disabled after 20 years despite treat- 
ment by disease modifying anti-rheumatic drugs (DMARDs) [2]. In many RA 
patients, disability occurs early. Ten percent of patients require home adaptation 
and/or wheelchairs, while 17% undergo orthopedic surgery after five years of dis- 
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ease [3]. In the UK, 22% of RA patients lost employment within 12 month of diag- 
nosis [3]. This increases to a third of patients after three years [4]. Moreover, over- 
all premature mortality is increased. Life expectancy is reduced by 8-13 years with 
a Standardized Mortality Ratio (SMR) of over 1.5. Mortality is highest in those 
with severe disease where it is comparable to triple vessel coronary artery disease 

[5] . Mortality also correlates with severity, disability and persistently active disease 

[6] . Effective treatment by DMARDs reduces mortality [7]. In methotrexate respon- 
ders, SMR is 1.64 (95% Cl 1.11-2.17), compared with 4.11 (95% Cl 2.56-5.66) in 
non-responders and 5.56 (95% Cl 3.29-7.83) in those who had methotrexate 
stopped within the first year. 

RA imposes a substantial economic burden on patients, their families and soci- 
ety, which is quantified in terms of direct and indirect costs [8]. Direct costs are 
those for which actual payments are made, such as treatment and hospitalization 
costs, while indirect costs are those resulting from loss of resources, mainly produc- 
tivity. In the UK, direct medical costs of RA averaged approximately £2,600/ 
case/year in 1992 [9]. While, in the United States, the direct medical costs averaged 
$ 5,919/case/year in 1995-96 with a further $2,582 in medical costs for co-mor- 
bidities [10]. The most consistent and strongest determinant of the costs of RA is 
the functional status of the patients. Those with poor function experience much 
higher costs than those with mild impairment [10]. The direct medical and total hos- 
pital costs of those RA patients in the worst quartile of function, as measured by the 
health assessment questionnaire (HAQ), were 2.55 and 6.97 times higher than those 
in the best quartile. In the UK, indirect cost, in particular work disability in patients 
under 65 costs £ 650 M/year [9]. RA disability costs community and personal social 
services over £ 160 M/year. Treatment can reduce the number of days off work due 
to sickness, therefore is cost effectiveness. 



Current treatment strategy 

In RA, the treatment objectives are to reduce mortality, lessen joint damage, prevent 
disability and improve symptoms. Historically non-steroidal anti-inflammatory 
drugs (NSAIDs) were the first-line treatment for RA, while DMARDs had been sec- 
ond-line treatment. The main reason was that DMARDs were perceived to be more 
toxic than NSAIDs. However, this treatment strategy failed to improve the outcome 
of RA [2]. Most patients were severely disabled after 20 years of disease despite 
treatment by DMARDs. Three main factors account for the failure of this “pyra- 
mid” approach to improve the outcome of RA: 

- DMARDs are introduced too late. 

- DMARDs are insufficiently powerful. 

- The side effects of DMARDs are too frequent. 
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Treating RA early with DMARDs 

In longitudinal cohorts and cross-sectional studies, functional disability correlates 
closely with radiologic joint damage [11]. Inception cohort studies in early RA 
showed that 30% and 75% of patients have joint erosions developed within the 1 
and 2 years of symptom onset [12, 13]. This can be reduced if DMARDs are given 
early. Evidence that DMARDs, when well supervised, have less toxicity that 
NSAIDs, strengthens the case for their early use [14]. In early RA, most of these tri- 
als showed that DMARDs are superior to NSAIDs in improving symptom and sup- 
pressing inflammation but the evidence for reducing radiological damage by early 
DMARD treatment is limited. However, a recent clinical effectiveness trial in early 
RA showed that early treatment by sulfasalazine reduce radiological joint damage 
and preserve function [15]. Furthermore, recent analysis of primary data from 14 
trials in early RA suggested that treatment response is dependent on the time of 
treatment from the onset of symptom. Moreover, an inception cohort study of 622 
patients with early RA found that patients treated early with DMARDs showed no 
increase in mortality within the first 10 years when compared with the normal pop- 
ulation [16]. Overall, current evidence support the use of DMARD once disease is 
diagnosed. 



DMARDs have limited efficacy 

Although DMARDs improves symptoms and signs in RA, disease remission is 
uncommon. Wolfe el al. studied 458 RA patients followed-up prospectively for 
1,131 patient years; only 18% of patients had one remission or more [17]. In these 
patients, remission only represents a third of their follow-up period. The median 
length of remission was less than one year. Furthermore, not all DMARDs reduce 
radiological joint damage [18]. Even among those that reduce joint damage, none 
halts radiological damage completely. Indeed, many patients have partial response 
to DMARDs with insufficient suppression of synovitis that may explain why 
DMARDs does not abort joint damage in RA. 



Toxicity of DMARDs 

Current DMARDs are associated with frequent side effects. Toxicity is a common 
reason for stopping DMARD treatment. In a retrospective study by Galindo- 
Rodriguez et al., toxicity was the reason for discontinuing DMARDs in 20% of 
patients, while 25% of patient discontinued because of treatment was ineffective 
[19]. Two percent of patients discontinued treatment for both reasons. The median 
time to discontinuation was 16 months. Felson et al. studied the toxicity of 
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Table 1 - The American College Of Rheumatology 1987 Criteria For The Diagnosis Of 
Rheumatoid Arthritis 



Patients must have at least four of the following seven criteria. 

1. Morning stiffness lasting more than 1 hour 

2. Arthritis in at least 3 joint areas (out of 14 possible areas: right or left proximal interpha- 
langeal, metacarpo- phalangeal, wrist, elbow, knee, ankle, metatarso- phalangeal joints) 

3. Arthritis of hand joints (wrist, metacarpo- phalangeal, or proximal interphalangeal joints) 

4. Symmetric arthritis (simultaneous, symmetric involvement of the joint areas defined in (2); 
bilateral involvement of proximal interphalangeal, metacarpo- phalangeal, or metatarso- 
phalangeal joints without absolute symmetry is acceptable) 

5. Presence of rheumatoid nodules 

6. Positive rheumatoid factor 

7. Radiographic changes (changes on hand and wrist radiographs, which must include ero- 
sions or periarticular osteopenia) 



DMARDs in randomized control trials and found that injectable gold has the high- 
est toxicity index [20]. The safest was anti-malarial. However, anti-malarial 
monotherapy does not reduce radiological joint damage [18]. This was reflected in 
a longitudinal study of 2,479 RA patients in the United States [21]. Other studies 
have confirmed that toxicity related discontinuation rate was high for injectable 
gold: 48% after one year [22]. Similar discontinuation rate was observed with for 
D-penicillamine and sulfasalazine [23]. Methotrexate fares better that other 
DMARDs with 71% of patients remaining on treatment after one year [23]. The 
median drug survival for methotrexate is 4.25 years. 



Revised treatment standard in RA 

In light of these problems, national and international guidelines have been drawn up 
recently to improve the management of RA [24]. The initial steps in the manage- 
ment of RA are to establish the diagnosis, perform a baseline evaluation, and esti- 
mate the prognosis. The currently accepted diagnostic criteria for RA are those 
developed in 1987 by the American College of Rheumatology (Tab. 1). However, 
these criteria were not designed for the diagnosis of early RA and are fairly insensi- 
tive in patients with disease duration of less than 12 months. Once the diagnosis is 
established; a baseline evaluation of the patient should be performed to document 
the disease activity, extra-articular features, the functional status of the patient, 
serum inflammatory markers such as erythrocyte sedimentation rate or C reactive 
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Table 2 - Baseline evaluation of disease activity and damage in patients with rheumatoid 
arthritis 



Clinical 

1 . Degree of joint pain 

2. Duration of morning stiffness 

3. Duration of fatigue 

4. Limitation of function 

5. Physical examination 

6. Actively inflamed joints (tender and swollen joint counts) 

7. Mechanical joint problems: loss of motion, crepitus, instability, 

8. malalignment, and/or deformity 

9. Extraarticular manifestations 



Laboratory 

1. Erythrocyte sedimentation rate/C- reactive protein level 

2. Rheumatoid factor 

3. Complete blood cell count 

4. Electrolyte levels 

5. Creatinine level 

6. Hepatic enzyme levels (AST, ALT, and albumin) 

7. Urinalysis 

8. Synovial fluid analysis 

9. Stool guaiac 



Other 

1 . Functional status or quality of life assessments using standardized questionnaires 

2. Physician's global assessment of disease activity 

3. Patient's global assessment of disease activity 



Radiography 

Radiographs of selected involved joints 



protein (CRP) and evidence of radiologic damage (Tab. 2). Patients should be treat- 
ed with DMARDs as soon as the diagnosis is established. Furthermore, sustained 
control of disease activity is vital. Fries et al., advocated the sawtooth approach in 
management of RA in which patients are switched from one DMARD to another if 
disease is insufficiently controlled [25]. However, many patients only achieved par- 
tial response to a single DMARD and monotherapy seldom induce complete disease 
remission. Therefore more powerful treatments are needed in RA. 
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Table 3 - Differences between TNF inhibitors 






Etanercept 


Infliximab 


Adalimumab 


Class 


TNFa IgGI receptor 


Chimeric monoclonal 


Human monoclonal 




construct 


antibody 


antibody 




Binding TNFa + TNFp 


TNFa 


TNFa 


Half-life (days) 


4.8 (median) 


8-9 


10-14 


Administration 


subcutaneous 


intravenous 


subcutaneous 


Dose 


25 mg twice per week 


3 mg/kg 0,2, 6 weeks 
then 8 weekly 


40 mg every other 
fortnight 



Anti -cytokine therapy in RA 

Currently there are four cytokine antagonists that are licensed for the treatment of 
RA. Three are TNFa inhibitors and the other is an antagonist of IL-1. 



TNFa inhibitors 

The three TNFa inhibitors currently licensed for the treatment of RA are etanercept, 
infliximab and adalimumab. Table 3 summaries the differences between these TNFa 
inhibitors. 



Infliximab 

Infliximab (Centocor) is a chimeric anti-TNFa monoclonal antibody with a human 
immunoglobulin- 1 Fc. It was the first anti-TNFa monoclonal antibody tested in 
patients with RA. In the initial open-label study, 20 patients were treated with a sin- 
gle 20 mg/kg dose of infliximab and followed for eight weeks. Swollen joint count 
fell from 18 to 5 mg/1 and CRP decreased from 40 to 8 mg/1. A subsequent double- 
blind, randomized placebo-controlled trial of 73 patients with established RA, a sin- 
gle intravenous dose of 10 mg/kg infliximab, confirmed its efficacy in RA. There 
was a rapid reduction in the number of swollen joints and CRP [26]. Seventy-nine 
percent of patients achieved significant disease improvement according to the Paulus 
criteria compared with 8% in the placebo group. Improvement was rapid with sta- 
tistically significant reduction in symptoms and signs occurred within the first week 
of treatment. Synovial inflammation decreased in parallel with clinical improve- 
ment. Biopsies of the synovia, before and four weeks after treatment, showed sig- 
nificant reduction in inflammatory infiltrates including T cells and decreased expres- 
sion of adhesion molecules on blood vessels [27]. 
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In another randomized, placebo-controlled trial of 101 patients with RA, inflix- 
imab or placebo was given repeatedly with or without methotrexate [28]. Patients 
were randomized to one of seven groups, receiving intravenous infliximab at 1, 3 or 
10 mg/kg with or without 7.5 mg methotrexate weekly, or placebo plus methotrex- 
ate only. Methotrexate enhanced the effect of infliximab so that 3 mg/kg of inflix- 
imab plus methotrexate seemed as efficacious as 10 mg/kg of infliximab with or 
without methotrexate. This was associated with a significant reduction in anti- 
infliximab antibodies production by concomitant treatment with methotrexate. In 
the infliximab only groups, human anti-infliximab antibody was found in 53%, 
21% and 7% of the patients in 1, 3 and 10 mg/kg groups, respectively. This was 
reduced to 15%, 7% and 0%, respectively, in patients who were taking concomi- 
tant methotrexate. 

In a Phase III placebo-controlled trial, 428 RA patients who had partial response 
to methotrexate were randomized to receive placebo or infliximab, 3 or 10 mg/kg 
every four or eight weeks for 54 weeks [29]. In addition to reduction in the symp- 
toms and signs of RA, radiological joint damage was reduced substantially; mean 
change in modified Sharp’s score in the methotrexate and infliximab groups was 7.0 
and 0.6, respectively. In addition, quality of life measured by short form-36 
improved significantly in the infliximab treated group. 

Infliximab has also been added to patients taking leflunomide. In an open-label 
trial of 20 patients with active RA [30], patient received leflunomide 100 mg daily for 
three days followed by 20 mg daily for 32 weeks. At week two all patients were given 
infliximab 3 mg/kg, and received a further four infusions at weeks 4, 8, 16 and 24. 
Adverse events were frequent and led to 11 patients withdrawn from the trial. The 
most common adverse event was pruritis associated with an eczematous rash includ- 
ing a patient with Stevens-Johnson syndrome. In another prospective open-label trial 
in 40 RA patients who were partial responders to leflunomide, infliximab was added 
[31]. Adverse events were frequent and treatment had to be withdrawn in many 
patients. Interestingly, antinuclear antibody was found in 11% of patients at week 0, 
by week 60 all the patients developed antinuclear antibody. The mean titer of anti- 
dsDNA antibody was over 100 by week 24, although clinical lupus was not seen. 



Etanercept 

Etanercept (Enbrel, Amgen) is a recombinant human p75 soluble TNF receptor- 
human immunologlobulin Fc fusion protein. It contains two TNF-binding domains 
linked to the Fc portion of human immunoglobulin. The dimeric structure of etan- 
ercept makes it approximately 1,000 times more efficient than the monomeric sol- 
uble p75 TNF receptor at neutralizing TNF. It is administered subcutaneously 
(25 mg) twice per week. 

In a randomized placebo-controlled trial, 16 mg/m 2 of etanercept was adminis- 
tered subcutaneously thrice weekly for three months to 168 patients with RA. Dose- 
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dependent improvement in symptoms and signs was seen [32]. ACR20 response rate 
at the end of the trial was 75% in the high dose group compared with 14% in the 
placebo group. The number of swollen joints decreased by approximately 50% 
from baseline after treatment for six months. Etanercept treatment was well toler- 
ated, with only minor reactions at the site of injection. Synovial biopsies showed a 
statistically significant decrease in the number of T cells, plasma cells, vascular cell 
adhesion molecule 1, and IL-1 expression after one month of treatment [33]. Fur- 
ther study assessed twice-weekly subcutaneous injections of etanercept, 10 or 
25 mg, or placebo in 234 RA patients for six months [34]. At the end of the trial, 
ACR20 response criteria were met by 59% and 11% of patients in the 25 mg etan- 
ercept and placebo groups, respectively. 

Etanercept can also be added to patients who have partial response to metho- 
trexate. Eighty-nine RA patients with persistently disease despite methotrexate were 
randomized to placebo or etanercept 25 mg twice per week [35] for 24 weeks. Sev- 
enty-one and 27% of patients receiving etanercept and placebo met the ACR20 cri- 
teria, respectively. 

Etanercept also has disease-modifying property. In a study of 632 patients with 
early RA, twice-weekly subcutaneous etanercept (10 or 25 mg) or weekly metho- 
trexate were administered for one year [36]. Modified Sharp’s score in the etaner- 
cept 25 mg twice weekly and placebo groups was 0.57 and 1.06 at six months and 
1 and 1.59 at 12 months, respectively. 

Etanercept is the only cytokine inhibitor that is licensed for the treatment of juve- 
nile chronic arthritis. In a randomized, placebo-controlled trial of 51 patients with 
juvenile polyarticular rheumatoid arthritis, etanercept 0.4 mg/kg of body weight or 
placebo was injected subcutaneously twice weekly for four months or until a flare 
of the disease occurred [37]. The total number of active joints decreased by 58% 
from baseline and joint motion improved by 80%. 



Adalimumab 

Adalimumab (Abbott Laboratory) is a fully human anti-TNFa monoclonal anti- 
body developed by phage display technology. Since it is fully human, it has low anti- 
genicity. It binds to TNF with high affinity and has a plasma half-life of 10-14 days. 

Five hundred and forty-four patients with established RA were randomized to 
receive either placebo or four different doses of adalimumab: 20 mg, 40 mg every 
other week or 20 or 40 mg weekly given subcutaneously [38]. After 26 weeks, 46% 
and 53% of patients in the 40 mg fortnightly and 40 mg weekly groups met the 
ACR20 response criteria compared with 19% in the placebo group. ACR50 
response in the 40 mg fortnightly and 40 mg weekly groups were 22% and 35%, 
respectively. 

In the ARMADA trial, fortnightly adalimumab (20 mg, 40 mg or 80 mg subcu- 
taneously) or placebo was administered to 271 RA patients who are methotrexate 
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partial responders [39]. Methotrexate treatment was continued and the dosage 
unchanged. Treatment was given for 24 weeks. At the end of the trial, ACR20, 50 
and 70 response criteria were met in 14.5%, 8.1% and 4.8% of patients in the 
placebo group. ACR20 response criteria were achieved by 67.2% and 65.8% in the 
40 mg and 80 mg adalimumab groups. ACR50 response rates in 40 mg and 80 mg 
adalimumab groups were 55.2% and 42.5%, respectively. The 40 mg and 80 mg 
groups achieved ACR70 response of 26.9% and 19.2%, respectively. These differ- 
ences were statistically significant. 

A subsequent trial with similar design assessed the effect of adalimumab on radi- 
ologic joint damage. Six hundred and nineteen patients who were partial responders 
to methotrexate were randomized to either placebo or adalimumab 20 mg weekly 
or 40 mg every other week for 54 weeks [40]. Median change in Modified Sharp’s 
score was 0 in the active treatment groups compared with 1 in the placebo group. 
Median erosion scores were 0.4, 0 and 1.7 in the 20 mg weekly, 40 mg every other 
week and placebo groups respectively. 



Side effects of TNF inhibitors 

Infection and reactivation of TB 

Post-marketing surveillance has revealed that treatment by TNF inhibitors is asso- 
ciated with an increase in the incidence of infections - in particular tuberculosis 
[41]. Seventy cases were reported initially. Most cases occurred within six months 
of starting TNFa inhibitor. Hence it is probable that these represent reactivation of 
latent tuberculosis rather than newly acquired infections. More than half the cases 
were extra-pulmonary and 33% of patients had disseminated tuberculosis. In some 
cases, reactivation of tuberculosis had fatal consequences. Hence, screening for 
tuberculosis prior to starting treatment on TNFa inhibitors is vital. There are 
national and international guidelines on screening and management for latent tuber- 
culosis [42]. Most guidelines include chest radiograph. The role of tuberculin skin 
test is controversial especially in countries where populations are vaccinated for 
tuberculosis. 

An international consensus group recommends that patients should be consid- 
ered as having latent tuberculosis if, on chest radiograph, a Ghon complex is pre- 
sent or pulmonary scarring plus suspicious clinical history or positive intermediate 
strength tuberculin PPD skin test in the absence of symptoms and signs of tubercu- 
losis [43]. Hence, if the tuberculin skin test is negative, no further treatment is 
required. If the skin test or chest radiograph is positive, patients should be given sin- 
gle anti-mycobacterial drug therapy, either isoniazid for nine months or rifampin for 
four months. Multi-antibiotics may be needed if the suspicion of resistant tubercu- 
losis is high. Antibiotics should be started before commencing TNFa inhibitors. 
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Table 4 - Lymphoma in patients treated by TNFa inhibitors 






Etanercept 


Infliximab 


Adalimumab 


Clinical trial 


No. of treated patients 


3,389 


1,678 


2,468 




Patient-year 


8,336 


3,445 


4,870 




Lymphoma cases 


9 


6 


10 




Standardized incidence rate 


3.47 


6.35 


5.52 




(95% confidence interval) 


(0.59-6.59) 


(1.7-16.3) 


(2.6-10.0) 


Postmarketing 


No. of treated patients 


150,000 


365,000 


Not available 


surveillance 


Patient-year 


>230,000 


554,000 


Not available 




Lymphoma cases 


70 


95 


Not available 



Cardiac failure 

Both infliximab and etanercept are contraindicated in patients with significant or 
unstable cardiac failure. These are based on preliminary data from Phase II trials 
investigating the therapeutic potential of infliximab and etanercept in patients with 
congestive heart failure. In the former, seven of the 101 patients treated with inflix- 
imab have died compared with none among the 49 patients given placebo. In the 
case of etanercept, two large clinical trials in heart failure were terminated early due 
to lack of efficacy and there was a suggestion of worsening of heart failure outcomes 
in the active treatment arm. 



Lymphoma 

Since TNFa has a role in the immunosurveillance of tumor, there is a theoretical risk 
of development of malignancies after long-term treatment. Table 4 summarizes the 
number of lymphoma observed during clinical trials and post-marketing surveil- 
lance. Most cases (> 80%) were non-Hodgkin’s lymphoma. However, previous stud- 
ies have shown that patients with RA have an increased risk of developing lym- 
phoma. Standardized incidence rate was 2.4-8; the majority of these are non- 
Hodgkin’s lymphoma. The risk is higher in patients with more severe disease. 
Hitherto, patients treated by receiving TNFa inhibitors have a higher incidence of 
lymphoma compared with the general population (standardized incidence ratio: 
2.3-63). However, this may be related to the increased risk associated with RA. 
Long-term registers with control RA patients treated by conventional DMARDs are 
needed to assess precisely whether treatment by TNFa inhibitors increases the risk 
of lymphoma. 
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Demyelination 

Post-marketing surveillance found 19 patients have suffered from neurologic side 
effects following treatment by TNFa inhibitors [44]. Although a causal relationship 
cannot be established, TNFa inhibitors should be discontinued if a patient develops 
new neurologic symptoms and signs. For those patients with a history of multiple 
sclerosis (MS), TNFa inhibitors are best avoided. 



Long-term toxicity 

The long-term side effects of TNFa inhibitors remain unknown. Post-marketing sur- 
veillance raises concern but cannot establish causality. Therefore national and inter- 
national registries have been established to address these concerns. 



TNFa inhibitors in clinical practice 

Compared to conventional DMARDs, TNFa inhibitors are expensive treatments. 
Therefore not surprisingly, there are international and national guidelines that con- 
trol the use of TNFa inhibitors in RA. These are listed in Table 5. Differences in 
these guidelines mean that there is significant variation globally on the use of TNFa 
inhibitors. 



International Consensus Statement 2002 

The latest International Consensus Statement recommended the use of TNF 
inhibitors for the treatment of active RA after failure of one DMARD of which the 
commonest used is methotrexate [45]. It does not recommend the use of TNFa 
inhibitors as the first DMARD in patients with early RA because of cost and lim- 
ited data on the long-term toxicity. It highlights the importance of assessing 
response within 12 weeks of starting therapy and suggested that validated measures 
such as the disease activity score should be used. Interestingly, it does not recom- 
mend the use of the ACR response criteria. If the patient did not response within 
12 weeks, treatment should be stopped and alternative DMARD introduced. In 
patients who have a partial response to treatment, either increasing the dose or 
more frequent dosing is recommended. It cautions the use of TNF inhibitors dur- 
ing pregnancy and in patients with MS, lymphoproliferative disease, chronic infec- 
tion and severe congestive cardiac failure. Treatment should be withdrawn if 
patients develop serious infection, lupus-like symptoms, pancytopenia and demyeli- 
nating disorders. 
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Table 5 - International and National Guidelines for the Treatment of Rheumatoid Arthritis by 
TNF Inhibitors 



International 

- International Consensus Statement 2002 

- European Consensus Statement 2000 



National 

- USA 

- American College Rheumatology Subcommittee in RA Guidelines 2002 

- Physician and Insurance-Driven Guidelines 

- UK 

- National Institute for Clinical Excellence 

- Scottish Intercollegiate Guidelines Network 

- Germany and Austria 

- Pharmacotherapy Committee of the German Rheumatology Society 



European Consensus Statement 2000 

This Consensus Statement is very similar to the International Consensus Statement 
except it defines active disease that justify treatment by TNFa inhibitor as a disease 
activity score > 3.2-5 or more swollen and painful joints and a high CRP [46]. Ade- 
quate response to treatment is defined as improvement in the disease activity score 
of > 1.2, or more than 20% improvement. Efficacy should be apparent within 8-16 
weeks. 



UK National Institute for Clinical Excellence Guidance 

The National Institute for Clinical Excellence is part of the National Health Service 
in the UK. Its remit is to provide guidance on good clinical practice. The use of etan- 
ercept and infliximab was reviewed by NICE in 2000 (47). It recommends the use 
to TNFa inhibitors to treat patients with RA who have failed at least two standard 
DMARDs, of which methotrexate must have been one, and have active disease with 
a disease activity score of >5.1 on two occasions, one month apart. Patients are 
excluded if women who are pregnant or breastfeeding; effective contraception must 
be practiced if fertile, active infection, previous tuberculosis unless they have com- 
pleted a full course of anti-tuberculosis therapy with modern antibiotics, septic 
arthritis of a native or prosthetic joint within the last 12 months, persistent or recur- 
rent chest infections, indwelling urinary catheter, multiple sclerosis, malignancy or 
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pre-malignancy states except basal cell carcinoma or malignancies diagnosed and 
treated more than 10 years previously. Treatment is to be withdrawn if adverse 
events occur or response to treatment is inadequate after three months. Response to 
treatment is defined as improvement in the disease activity score by >1.2, or the 
achievement of a disease activity score of < 3.2. 



Scottish Intercollegiatic Guidelines Network 

The Scottish Intercollegiatic Guidelines Network issued recent guidelines on the 
management of RA [48]. Similar to other guidelines, it does not recommend the use 
of TNFa in patients with early RA. 



Non-responders to TNF inhibitors 

Some RA patients do not respond to TNFa inhibitors, they are the so-called pri- 
mary non-responders. Others have an initial response but disease relapses despite 
treatment - the so-called secondary non-responders. The causes of primary and 
secondary non-response to TNFa inhibitors remain unknown. For some non- 
responders, increasing the dose and reducing the frequency of treatment may 
improve disease. Based on the Stockholm TNFa antagonist registry, in 254 
patients treated by infliximab, 83 patients required increase in dosage at some 
point during follow-up [49]. Disease activity score values before and after the 
dosage increase were 4.13 ±0.23 and 3.62 ±0.22, respectively (p<0.02). Howev- 
er, only eight patients met ACR20% improvement criteria and 16 patients met 
response criteria based on disease activity score. Half the patients had more 
durable responses between infusions. However, nine patients (20%) had no clini- 
cal benefit. 

An alternative strategy in TNFa non-responder is switching to a different TNFa 
inhibitor. Data from the Stockholm register suggested that switching may be effec- 
tive [50]. Eleven patients were treated initially by infliximab and 14 by etanercept. 
Switching to alternative TNFa inhibitors in these patients found improved efficacy 
in 67% of patients, some efficacy in 22%. Only 11% of patients were refractory to 
both TNFa inhibitors. 



Anakinra, recombinant human interleukin-1 receptor antagonist (Amgen) 

Another cytokine inhibitor that has demonstrated efficacy in clinical trials is the 
recombinant IL-1 receptor antagonist, anakinra. IL-1 binds to two types of recep- 
tors: IL-1 receptor type I (IL-1RI) and IL-1 receptor type II (IL-1RII). However, 
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only IL-1RI transmits signals intracellularly, leading to cell activation while IL- 
1RII does not. Both IL-1RI and IL-1RII exist as soluble forms. These soluble 
receptors and cell surface IL1-RII compete with cell bound IL-1RI for IL-1 and 
inhibit IL-1 mediated cell activation. In addition, there is also a naturally occur- 
ring antagonist: interleukin- 1 receptor antagonist which binds to IL-1RI but does 
not deliver any signal. Therefore, it inhibits IL-1 by competing for IL-1RI. How- 
ever, the binding affinity of interleukin- 1 receptor antagonist for IL-1RI is much 
lower than IL-1. Therefore, interleukin- 1 receptor antagonist needs to be given in 
concentration 500 times in excess that of IL-1 in order to completely abolish the 
effects of the latter. 

In a six month double-blind placebo-controlled study [51], daily subcutaneous 
injections of either placebo or anakinra at doses of 30, 75 and 150 mg were given 
to 472 RA patients. ACR20 response criteria were met by 43% of the patients 
treated with anakinra 150 mg/day compared with 27% of the placebo group. The 
acute phase response dropped in parallel with clinical improvement. Clinical ben- 
efit persisted up to 12 months. In another randomized controlled trial, 46%, 19%, 
and 5% of patients receiving anakinra 1 mg/kg plus methotrexate achieved the 
ACR20, 50, and 70 response, respectively, compared with 19%, 4%, and 0% in 
the control subjects treated with placebo and methotrexate [52]. Evaluation of 
radiographic damage in four cohorts of RA patients treated with 30, 75, 150 
mg/day anakinra or placebo showed that the treatment groups achieved a reduc- 
tion of 38% in joint erosions and 58% in joint space narrowing [53]. Anakinra is 
usually well tolerated, the most common effect being local reaction at the site of 
injection. 



International Consensus Statement on Anakinra 

Similar to TNFa inhibitors, an international consensus statement was developed by 
rheumatologists and scientists from many countries. Anakinra is licensed for the 
treatment of active RA either alone or in combination with methotrexate in Amer- 
ica while in Europe anakinra should be used in conjunction with methotrexate. Sim- 
ilar to recommendations for TNFa inhibitors, treatment should be continued if the 
patients have significant documentable improvement in disease within 16 weeks. It 
highlights the long-term efficacy and toxicity of anakinra remains unknown. In par- 
ticular, the safety of anakinra in patients with history of lymphoproliferative disease 
or malignancies is unclear. It should be avoided if possible in patients who are preg- 
nant or breastfeeding. It also warns that there may be a small increase in the risk of 
infections, and therefore should not be started or should be discontinued when seri- 
ous infections occur. Anakinra should not be used in combination to TNFa 
inhibitors since infection rate appears much higher when both agents are combined 
(Wyeth and Amgen communications). 
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Conclusion 

RA causes severe disability, but prompt treatment with DMARDs significantly 
improves the long-term outcome. Early and sustained suppression of disease activi- 
ty is essential to prevent joint damage. Better knowledge of the immunologic and 
inflammatory pathways in RA has culminated in the development of the cytokine 
inhibitors targeting TNFa and IL-1. Trials of anti-cytokine treatments in combina- 
tion with DMARDs are currently in progress and may improve the prognosis of RA. 

Patients who failed initial DMARDs may respond to cytokine inhibitors. 
Although cytokine inhibitors are not curative, significant clinical amelioration can 
be achieved in the vast majority of patients. Proper assessment of disease activity is 
crucial both to identify patients with severe, progressive disease who require thera- 
py, and to monitor response to treatment. 

Some patients do not respond to inhibitors of TNFa and IL-1. New cytokine 
inhibitors including monoclonal antibodies to IL-6 receptor or IL-1 5 offer hopes of 
better disease control in these patients. 
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Introduction 

In rheumatoid arthritis (RA), synovial membrane exhibits features suggesting that 
components of innate and acquired immune responses are of functional importance. 
In particular, the role of both T cell dependent and independent mechanisms in pro- 
moting cytokine networks has received much attention [1]. Cytokines mediate a 
wide variety of immunological actions and are key mediators in the pathogenesis of 
human autoimmune disease. Their pleiotropic functions and propensity for syner- 
gistic interactions and functional redundancy render them intriguing therapeutic 
targets. Thus far, single cytokine targeting has proven useful in several rheumatic 
diseases states. Perhaps the clearest evidence for the central role of these molecules 
in disease is the success of TNFa-blocking therapies. These have elucidated, for the 
first time, definitive critical checkpoints in proinflammatory cascades. However, 
non- or partial-responder patients are not infrequent and inflammatory disease usu- 
ally flares upon discontinuation of treatment [2, 3]. The fact that TNFa indepen- 
dent pathways operate in inflammatory synovitis carries significant pathogenetic 
implications for existing disease models and exemplifies the clinical necessity for 
generation of further novel, pathogenesis-lead interventions. 

Many cytokines present within synovium are of macrophage and synovial 
fibroblast derivation [4, 5]. Interleukin- 15 (IL-15) and interleukin- 18 (IL-18) 
attracted our attention at an early stage as potential regulators of synovial inflam- 
mation, in particular through modulation of T lymphocyte function and TNFa 
expression (see Table 1 for comparison of key features). Both have been identified 
in a number of autoimmune diseases including RA, Crohn’s disease, multiple scle- 
rosis (MS), insulin-dependent diabetes mellitus (IDDM) [6-12] and psoriatic arthri- 
tis (unpublished observations). This short review will summarize work carried out 
supporting the role for IL-15 and IL-18 in perpetuating chronic inflammatory syn- 
ovitis in RA. 
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Table 1 - Comparison of key features of IL-15 and IL-18 




IL-15 


IL-18 


Cytokine family 


IL-2 


IL-1 


Molecular weight 


15 kDa 


18 kDa (mature form) 


Pro-molecule 


no 


yes 


Intracellular function 


probable 


probable 


Receptor 


IL-15Ra(3y 


IL-1 8Rcx(3 


Principal signalling pathway 


STAT3/STAT5 


MyD88 /NF-kB 


Constitutive mRNA 


yes 


yes 


Native inhibitor 


slL-15Ra 


IL-1 8bp 



Interleukin-15 

IL-15 is characteristically expressed during the early stages of innate immune 
responses. We have explored the hypothesis that IL-15 expression in the synovial 
membrane can promote and sustain T cell responses that in turn contribute direct- 
ly to TNFa production [6, 13, 14]. Recent data suggest that relevant bioactivities 
extend beyond this to include neutrophil, NK cell, macrophage and dendritic cell 
activation [15-17]. We shall address the therapeutic potential of IL-15 in terms of 
plausible bioactivities, functional expression in target tissues and tractability in 
rodent models. 

IL-15 (14-15 kDa) is a 4-cc helix cytokine with structural similarities to IL-2 [18, 
19]. IL-15 mRNA is expressed in numerous normal human tissues and cell types, 
including activated monocytes, dendritic cells and fibroblasts [16, 18]. IL-15 mRNA 
expression, however, is not synonymous with protein detection in tissues, reflecting 
tight regulatory control of translation and secretion. IL-15 is subject to significant 
post-transcriptional regulation via 5’UTR AUG triplets, 3’ regulatory elements and 
a further putative C-terminus region regulatory site. Two isoforms of IL-15 subject 
to altered glycosylation are thus generated - secreted IL-15 (48-aa) from a long sig- 
nalling peptide and an intracellular IL-15 form localised to non-endoplasmic regions 
in both cytoplasmic and nuclear compartments from a short signalling peptide 
(21-aa) [16]. Cell membrane expression may be crucial in mediating extracellular 
function rather than secretion and in part explains the difficulty in detecting soluble 
IL-15 in biologic systems. Exogenous agents include human herpes virus 6 and 7, 
Mycobacterium leprae , Mycobacterium tuberculosis , Staphylococcus aureus , lipo- 
polysaccharide and ultraviolet irradiation [20-25]. IL-15 functions via a widely dis- 
tributed heterotrimeric receptor (IL-15R) which consists of a (3-chain (shared with 
IL-2) and common y-chain, together with a unique a-chain (IL-15a) that in turn 
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Table 2 - Key bioactivities of IL-15 


Cell 


Bioeffect 


T cells 


T1/T2 maturation, migration, activation, cytokine release, cytotoxicity 
T cell memory maintenance (CD8+ compartment) 


NK cells 


NK cell maturation, activation, cytokine release, cytotoxicity 


endothelial cell 


retard apoptosis 


B cell 


isotype switching, immunoglobulin production 


macrophage 


cytokine expression, adhesion molecule expression 


neutrophil 


activation, cytoskeletal structure, apoptosis regulation, cytokine release 


osteoclast 


maturation, calcitonin receptor 


FLS 


retard apoptosis 


dendritic cell 


activation, co-stimulation, cytokine release 



exists in eight isoforms [16]. This complex may form in cis or trans orientation 
allowing for receptor component sharing between adjacent cells. Like IL-2, the IL- 
15Ra|3y complex signals through JAK1/3 and STAT3/5 [26, 27]. Additional sig- 
nalling through src-related tyrosine kinases and Ras/Raf/MAPK to fos/jun activa- 
tion is also proposed. High affinity (10 11 M -1 ) with slow off-rate render IL-15Ra in 
soluble form a useful and specific inhibitor in biologic systems. Via this receptor 
complex, IL-15 exhibits broad proinflammatory effects that are summarised in 
Table 2. The target cells identified are of relevance to current models of synovitis 
pathogenesis hence IL-15 exhibits plausible bioactivity. 

IL-15 has been observed in inflamed synovium by several investigators. Thus, IL- 
15 mRNA (Taqman PCR, nested RT-PCR) and protein (immunohistochemistry, 
ELISA, receptor capture assay) are detected in RA synovial membrane at higher lev- 
els than in reactive arthritis or psoriatic synovial biopsies [28]. Lining layer macro- 
phages represent the predominant cellular source in situ , although expression in 
fibroblast-like synoviocytes (FLS) and in endothelial cells is also evident [6, 29, 30]. 
We detected low levels of IL-15 in a majority of RA SF at median concentrations 
similar to those of TNFa detected in parallel assays [6, 14], although variable lev- 
els have been reported in distinct populations [31-34]. Serum IL-15 expression does 
not correlate with disease subsets thus far recognised. Whereas RA serum TNFa lev- 
els correlate with the presence of germinal centres in parallel synovial biopsies, IL- 
15 levels were elevated with either germinal centres or diffuse lymphocytic infiltra- 
tive patterns [35]. IL-15 expression has also recently been detected in synovial mem- 
brane derived from juvenile RA patients [36], associated with IL-18, IL-12 and IFNy 
expression. Spontaneous production of IL-15 by primary RA synovial membrane 
cultures and by isolated synovial fibroblasts is reported [32, 37]. In long-term cul- 
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tures of synovial tissues, outgrowth was found to be dependent upon the presence 
of T cells that in turn lead to local release of IL-15, FGF-1 and IL-17 [38]. 

Effector function of IL-15 in synovium is largely predicted from its basic biolo- 
gy (Tab. 2). In particular, IL-15 sustains T cell/macrophage interactions to promote 
activation and cytokine release by the latter. Following stimulation with non-physi- 
ological mitogens, paraformaldehyde-fixed T cells and T cell clones induce proin- 
flammatory cytokine production by macrophages and fibroblasts through cell con- 
tact [39]. Similarly, freshly isolated synovial T cells can induce TNFa synthesis by 
blood- or synovial-derived macrophages through cell-membrane contact, with no 
requirement for secretory factor synthesis [13]. This activity is maintained in vitro 
by the addition of exogenous IL-15. These data demonstrated for the first time that 
a fundamental property of synovial T cells is the capacity to drive TNFa production 
through cell contact, and that IL-15 represents one factor capable of sustaining this 
activity. IL-15 confers similar properties upon CD45RO + PB T cells, such that IL- 
15-activated PB cells from RA patients induce TNFa synthesis in synovial macro- 
phage/synoviocyte co-cultures. Our neutralisation studies [13] implicated at least 
CD69, recently confirmed by Ortiz [40], LFA-1 and ICAM-1 in these interactions, 
although other ligand pairs are likely to have involved including at least CDllb and 
CD40/CD154 [41, 42] with CD154 having been shown to be upregulated by IL-15 
[43]. IL-15 apparently operates in synergy with other locally release cytokines, 
including TNFa, IL-18, IL-12 and IL-6. Moreover, via cognate interactions, acti- 
vated T cells can induce IL-15 expression in macrophages (our unpublished obser- 
vations). Similar interactions between T cells and fibroblast-like synoviocytes with 
endogenous positive feedback loops have also been demonstrated. Of interest, 
secreted IL-15 is usually not detected in these culture systems, indicating that func- 
tionally active membrane bound-IL-15 is likely to be functionally important. IL-15 
can also promote T cell migration and survival. Ziolkowska and colleagues have 
shown that IL-15, via cyclosporin A sensitive mechanisms may induce the overpro- 
duction of IL-17 seen in the joints of RA patients [33]. Thus IL-15 can promote T 
cell migration, activation, and effector function via both cell-cell interactions and 
soluble cytokine release to promote pathogenesis. 

Effects beyond T cell activation include at least synovial neutrophil activation 
and survival and NK cell activation. Indeed a subset of NK cells has recently been 
shown to be greatly expanded within inflamed joints [44]. In addition, IL-15 has 
been shown to protect both synovial fibroblasts and vascular endothelial cells from 
apoptosis [45]. Effects on synovial B cells are as yet unproven. 

Factors that drive synovial IL-15 expression are under investigation. As noted 
above, T cell/macrophage interactions induce IL-15 expression in macrophages. 
Moreover, direct exposure of synovial fibroblasts to TNFa or IL-1|3 induces high 
levels of IL-15 expression, although soluble IL-15 is rarely detected. In dermal 
fibroblasts TNFa but not IFNy induces membrane expression of IL-15 that in turn 
can sustain T cell growth [46] - a similar pathway therefore likely exists in RA syn- 
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ovium. A further route to IL-15 production has been suggested in studies of synovial 
embryonic growth factor expression via the wingless ( Wnt)5 and frizzled (Fz)5 lig- 
and pair [47, 48]. 

Considerable information about the implications of cytokine expression in syn- 
ovitis has been obtained using inflammatory arthritis models. Administration of 
recombinant IL-15 during priming with type II collagen (in incomplete Freund’s 
adjuvant) induces development of an erosive inflammatory arthritis in DBA/1 mice, 
which closely resembles that obtained in positive control mice receiving collagen in 
complete Freund’s adjuvant (Leung BP and Mclnnes IB, unpublished observations). 
Thus IL-15 can act to promote early necessary arthritogenic immune responses. Sol- 
uble murine IL-15 receptor a (smIL-15Ra) administration provides a mechanism to 
manipulate IL-15 bioactivities in vivo. smIL-15Ra administration following antigen 
challenge suppresses development of collagen-induced arthritis in DBA/1 mice, asso- 
ciated with delayed development of anti-collagen specific antibodies (IgG2a) and 
with reduced collagen specific IFNy and TNFa production in vitro [49]. Finally, in 
preliminary studies, we have shown that shIL-15Ra suppresses the development of 
CIA in a primate model (unpublished). Together these data clearly indicate that IL- 
15/IL-15R interactions are important in the development of arthritogenic immune 
responses in vivo. Parallel approaches to IL-15 targeting in vivo include the use of 
mutant IL-15:Fc fusion proteins and specific neutralising monoclonal antibodies. 
The effect of such approaches in rodent arthritis is under investigation. 

The foregoing biology has prompted the conduct of a Phase I, proof-of-concept 
study, in which a fully human monoclonal antibody (HuMax-IL15) was adminis- 
tered to patients with active RA (Abstract OP0008, EULAR, Lisbon 2003). Al- 
though not adequately placebo-controlled, this early study manifest ACR response 
rates approximating to those achieved thus far with TNFa blockade monotherapies. 
In general, IL-15 blockade was well tolerated in both clinical and laboratory com- 
ponents. Accordingly, randomised, placebo controlled Phase II studies are now on- 
going. 

Data discussed already clearly allude to the synergistic activities of IL-15 in the 
context of synovial inflammation. We have reasoned that cytokines expressed with 
a similar kinetic in the context of early innate responses, for which synergistic activ- 
ity would carry advantage to the host via accelerated generation of host defence 
mechanisms, might maintain such synergistic activities if co-expressed in chronic 
lesions. We therefore extended our studies to include other innate cytokines present 
early in inflammatory responses, particularly IL-18. 



Interleukin-18 

Interleukin- 18 (IL-18), a member of the interleukin-1 cytokine superfamily, is an 
important regulator of both innate and acquired immune responses. IL-18 is 



131 




J. Alastair Grade et al. 



expressed at sites of chronic inflammation, in autoimmune diseases, in a variety of 
cancers and in the context of numerous infectious diseases. Previously known as 
IFNy inducing factor (IGIF), IL-18 was identified as an endotoxin-induced serum 
factor that stimulated IFNy production [50]. It was cloned from a murine liver cell 
cDNA library generated from animals primed with heat-killed Propionibacterium 
acnes and subsequently challenged with LPS [51]. Nucleotide sequencing of murine 
IL-18 predicted a precursor polypeptide lacking a conventional signal peptide. Sub- 
sequent cloning of human IL-18 cDNA revealed 65% homology with murine IL-18 
[52] and showed that both contain an unusual leader sequence consisting of 35 
amino acids at their N-terminus. Commensurate with a proposed role in a variety 
of early inflammatory responses, IL-18 has been identified in cells of both 
haemopoietic and non-haemopoietic lineages. Thus, IL-18 expression has been 
reported in macrophages, dendritic cells (DC), Kupffer cells, keratinocytes, 
osteoblasts, adrenal cortex cells, intestinal epithelial cells, microglial cells and syn- 
ovial fibroblasts [9, 10, 53-58]. Flowever, without the enzymatic machinery neces- 
sary for IL-18 processing, expression of IL-18 mRNA, or indeed pro-IL-18 protein, 
should not necessarily infer the capacity to contribute biologic activity. The nature 
of native stimuli for IL-18 expression remain under investigation but include at least 
LPS and FasL [59]. 

IL-18 is produced as a 24 kD inactive precursor that is cleaved by IL-1 (3 con- 
verting enzyme (ICE, caspase-1) to generate a biologically active mature 18 kD moi- 
ety [60, 61]. Recent reports indicate that proteinase 3 (PR3) can also generate bio- 
logical activity from pro-IL-18 [62] whereas we have observed that human neu- 
trophil derived serine proteases, elastase and cathepsin G, may also generate novel 
IL-18-derived moieties (unpublished data). The biological significance of the latter 
remains unclear but raises the fascinating possibility that neutrophil activation dur- 
ing early responses may critically regulate the capacity of IL-18 to contribute to the 
phenotype of subsequent adaptive immune responses. Mature IL-18 in turn binds a 
heterodimer containing an a (IL-IRrp) chain responsible for extracellular binding 
of IL-18 and a non-binding, signal transducing (3 (AcPL) chain [63-65]. Both chains 
are required for functional IL-18 signalling [66]]. IL-18R is expressed on a variety 
of cells including macrophages, neutrophils, NK cells, endothelial and smooth mus- 
cle cells [67-70]. The IL-18R complex can be upregulated on naive T cells, Thl type 
cells and B cells by IL-12 [64, 71]. IL-18Ra serves as a marker of mature Thl cells 
in human and murine systems [72], whereas T cell receptor (TCR) ligation togeth- 
er with IL-4 downregulates IL-18R [73]. Consistent with this, administration of 
anti-IL-18Ra antibody in vivo results in reduced LPS induced mortality associated 
with a subsequent shift in balance from a Thl to a Th2 immune response [72]. 

IL-18 signals via myeloid differentiation 88 (MyD88) and IL-1 receptor-associ- 
ated kinase (IRAK) to the receptor complex and their activation [74-76]. Thus IL- 
1 8 shares downstream effector pathways with critical immune regulatory molecules 
such as IL-ip and toll-like receptors (TLR), which are in turn implicated in regulat- 
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ing IL-18 expression [77, 78]. Phosphatidyl-inositol 3 kinase (PI 3-kinase) and NF- 
kB have also been implicated in induction of vascular cell adhesion molecule- 1 
(VCAM-1) on synovial fibroblasts by IL-18 [79]. 

Although originally identified as a factor capable of inducing IFNy production 
by murine splenocytes, the effector role of IL-18 is rapidly expanding. Consistent 
effects on lymphoid series, particularly Thl lineage in combination with IL-12 have 
emerged [51]. Thus IL-18 enhances T and NK cell maturation, cytokine production 
and cytotoxicity [51, 71, 80, 81]. IL-18 also increases FasL on NK cells and conse- 
quent Fas-FasL-mediated cytotoxicity [82, 83]. IL-18 deficient mice have reduced 
NK cell cytolytic ability that can be restored by exogenous IL-18 [84]. However, 
together with IL-2, IL-18 coinduces IL-13 in murine T and NK cells and in the pres- 
ence of TCR activation induces T cell IL-4, IL-10, IL-13 and IFNy production [85, 
86]. In isolation IL-18 induces high IgE expression by B cells and in combination 
with IL-2, anti-CD3 and anti-CD28 markedly enhances IL-4 production by CD4 + T 
cells [87]. When cultured alone or in combination with IL-4, IL-18 is known to 
induce murine T cell Th2 differentiation. This however is dependent upon genetic 
influences as spleen cells from B ALB/c and C56BL/6 strains of mice stimulated with 
anti-CD3 and IL-18 exhibit enhanced Th2 and Thl responses, respectively [88]. 
Thus IL-18 can promote Thl or Th2 lineage maturation dependent upon underly- 
ing genetic influences and the ambient cytokine milieu. 

On non-T cell populations IL-18 in conjunction with IL-3 induces IL-4 and IL- 
13 production by bone marrow derived basophils [89]. Direct effects on macro- 
phages and DC have also been observed. Stimulation of bone marrow derived 
macrophages or splenic DC with IL-12 and IL-18 can induce IFNy production [90, 
91]. Studies of knock-out mice also reveal that IL-18 stimulation of peritoneal 
macrophages induces IL-6 production, independent of the intermediate induction of 
endogenous cytokines such as TNFa or IL-1J3 [92]. Similarly, however, other non- 
haemopoietic cell responses to IL-18 are likely with direct effects on chondrocytes 
and cartilage matrix degradation having been reported [93]. Keratinocytes and 
Langerhans cells (LC) also express IL-18 [54, 94, 95]. 

The discovery, cloning and characterisation of IL-18 binding protein (IL-18BP), 
a constitutively secreted protein able to bind IL-18 with high affinity, provides a 
potential mechanism whereby IL-18 activity could be regulated. Indeed, IL-18BP 
inhibits IL-18 induced IFNy, IL-8 production and NF-kB activation in vitro and LPS 
induced IFNy production in vivo [96, 97]. Via inhibition of IL-18 induced IFNy pro- 
duction, recombinant IL-18BP has also been shown to augment PBMC prostaglan- 
din production [98]. Furthermore, recent studies have shown that IL-18BP expres- 
sion itself may be augmented by IFNy [99]. It is upregulated in sepsis [100] and in 
endothelial cells and macrophages during active Crohn’s disease [101], suggesting 
the existence of an endogenous IFNy regulated feedback loop. Local levels of free 
IL-18 or IL-18 complexed with IL-18BP are therefore likely vital in determining net 
IL-18 biological activity. Generated as a result of alternative mRNA splicing, four 
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human and two murine IL-18BP isoforms have been identified. Human IL-18BPa 
and IL-18BPc and murine IL-18BPc and IL-18BPd isoforms are capable of binding 
with high affinity to and neutralising IL-18 [102]. The recent discovery of IL-1H, a 
protein with sequence homology to IL-lra, which is able to bind the IL-18R but not 
IL-1R [103] suggests the existence of further IL-18R antagonism in vivo. 

Although originally identified as a factor capable of inducing IFNy production, 
the effector role of IL-18 is rapidly expanding [104]. Some of these biologic effects 
are summarised in Table 3. Many of these activities are of potential functional sig- 
nificance in inflammatory synovitis and prompted us to seek IL-18 expression in 
RA. IL-18 is expressed in RA and in psoriatic arthritis synovial membrane ([9, 105, 
106] and our unpublished observations). 24 kD pro-IL-18 predominates, although 
mature IL-18 is consistently detected. IL-18 expression is localised in CD14 + and 
CD68 + macrophages and in fibroblast-like synoviocytes (FLS) in situ. IL-18Ra and 
(3 chains are detected ex vivo on synovial CD3 + lymphocytes and on synovial CD14 + 
macrophages and in vitro on FLS. IL-18BP may also be present in substantial con- 
centrations [107-109]. These data indicate that IL-18 and its receptor system are 
present in inflammatory synovitis. Its functional activities include promotion of 
cytokine release (particularly TNFa, GM-CSF and IFNy). Marked cytokine synergy 
with IL-12 and IL-15 is observed in this respect. IL-18 acts not only through lym- 
phocyte activation, but also through direct effects on macrophages. It may also 
amplify TNFa release through enhancing cell-cell interactions between synovial T 
cells and macrophages. Importantly, dose response studies reveal that only very low 
concentrations are required to promote significant levels of TNFa production in 
vitro , especially in synergy with IL-15 [110]. 

IL-18 expression is in turn upregulated in FLS by IL-1 13 and TNFa, suggesting 
the existence of positive feedback loops linking monokine predominance in RA with 
innate cytokine production and Th/c 1 cell activation in synovial immune respons- 
es. IL-18 induces NO release by RA SM in vitro that, since NO inhibits caspase-1 
activity, provides a further potential regulatory loop. IL-18 possesses pro-degrada- 
tive effects in articular cartilage. IL-18 reduces chondrocyte proliferation, upregu- 
lates iNOS, stromelysin and cyclooxygenase 2 expression and increases glycos- 
aminoglycan (GAG) release in vitro. Such activities may be IL-1 (3 independent al- 
though contradictory data have also emerged [111]. IL-18 promotes neutrophil 
activation, reactive oxygen intermediate synthesis, cytokine release and degranula- 
tion [9, 67]. IL-18 further promotes synovial chemokine synthesis and angiogenesis 
as well as upregulation of intracellular adhesion molecule-1 (ICAM-1) and VCAM- 
1 expression on endothelial cells and synovial fibroblasts [79, 112, 113]. Finally, IL- 
18 effects are not necessarily detrimental. IL-18 inhibits osteoclast maturation 
through GM-CSF production by T cells, thereby retarding bone erosion [114]]. Sup- 
pression of COX expression may also be mediated through IFNy production with 
consequent effects upon prostanoid mediated local inflammation. Thus, like IL-15, 
IL-18 is expressed in synovial membrane and exhibits plausible bioactivities therein. 
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Table 3 - Key bioactivities of IL-18 



Cell 


Bioeffect 


T cell 


Thl/Tcl maturation, migration, activation, cytokine release, 
cytotoxicity, Th2/Tc2 activation in absence of IL-1 2 


NK cell 


NK cell activation, cytokine release, cytotoxicity 


endothelial cell 


promotes angiogenesis, adhesion molecule expression 


chondrocyte 


reduced proliferation, increased COX2, GAG release 
MMP activation - net effect towards degradation 
(possible IL-1 intermediate) 


neutrophil 


activation, cytokine release, migration, ROI release 


B cell 


antibody secretion enhanced, IgE 


macrophage 


cytokine expression, adhesion molecule expression 


osteoclast 


inhibition via GM-CSF 


dendritic cell 


activation, co-stimulation, cytokine release 



IL-18 has been targeted in several arthritis models in vivo. Upon challenge with 
type II collagen (CII) in CFA, IL-1 8-deficient mice on a DBA/1 background exhibit 
reduced incidence and severity of arthritis. Ex vivo analysis determined that both 
cellular and humoral responses to CII were suppressed [115, 116]. Moreover, 
administration of recombinant IL-18 can replace the requirement for CFA in CII 
induced erosive arthritis in DBA/1 mice [116]. Neutralisation of IL-18 in vivo using 
specific antibodies or IL-18BP effectively reduces developing and established rodent 
arthritis in both streptococcal cell wall and CIA models [111, 117], Such effects may 
operate independent of IFNy [1 1 1]. A feature of both models is suppression not only 
of inflammation but also of matrix destruction. These data strongly suggest that the 
net effect of IL-18 expression is proinflammatory, at least in the context of antigen- 
driven articular inflammation. 

IL-18 therefore represents an exciting novel inflammatory mediator that is 
upregulated in a number of autoimmune rheumatic diseases and that represents a 
novel therapeutic target. Clinical studies to test this hypothesis in RA are ongoing, 
although interventions are not yet as far advanced as those targeting IL-1 5. Several 
specific biologic agents capable of targeting IL-18 are already in preparation. 



Concluding remarks 

We have chosen to study IL-18, an IL-l-like cytokine (NF-kB dependent) and IL-15, 
an IL-2-like cytokine (STAT3/5 dependent) in the context of inflammatory synovi- 
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tis. Both show enhanced expression beyond RA to include several human inflam- 
matory diseases suggesting that they will likely be of general importance. They 
exhibit appropriate biology, expression profiles and tractability in vivo arthritis 
models. However fundamental issues remain. Most importantly we lack good mod- 
els to predict which cytokines will yield the most beneficial effects when targeted in 
vivo. Moreover, it is not clear how best to capitalise on the synergistic activities of 
cytokine combinations when translating to the clinic. There may be important kinet- 
ics, dose responses and inhibitory interactions (with both known and unknown reg- 
ulatory moieties) that are as yet poorly understood in complex cytokine networks 
that could confound predictions when moving to disease. Early efforts to combine 
targeting of TNFa and IL-1 provide ample evidence of such potential problems. We 
believe that targeting distinct points in the inflammatory cascade that exhibit syn- 
ergy rather than functional redundancy whenever possible may provide one rational 
route to appropriate selection of combinations. IL-15 and IL-1 8 operate at distinct 
points in the inflammatory cascade from IL-1 or TNFa and as such represent inter- 
esting targets. However, such targets may necessarily reside beyond the cytokine cas- 
cade to include adhesion molecules, co-stimulatory pathways or alternate tissue reg- 
ulatory systems e.g., angiogenesis, bone remodelling. The ultimate significance of 
IL-15 and IL-1 8 expression in autoimmune disease in vivo therefore requires con- 
firmation in human intervention studies before further strong conclusions can be 
drawn. 
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Introduction 

Therapeutic control of TNFa and IL-1 with specific inhibitors has clearly demon- 
strated the contribution of these cytokines to the destructive and inflammatory pat- 
terns associated with rheumatoid arthritis (RA). At the same time, the list of addi- 
tional cytokines with similar biological effects has been growing extensively. Among 
these, IL-17 is of interest since it shares properties and interacts with TNFa and IL- 
1. In addition, being produced by T cells, demonstration of the contribution of IL- 
17 in arthritis would add some new information on the contribution of T cells to 
the pathogenesis of RA. These issues are important since they may lead to new ther- 
apeutic applications. Since this topic has been the subject of a recent review, we will 
focus on the latest developments [1]. 



Discovery and structure 

The IL-17 story started recently when two reports describing the molecule later 
named IL-17 were published in 1995 and 1996 by researchers at Immunex [2] and 
Schering-Plough [3]. From the beginning the role of IL-17 in inflammation was indi- 
cated by its effects on the production of proinflammatory cytokines by mesenchy- 
mal cells. 

IL-17 is a 17 kDa protein, which is secreted as a homodimer. Mouse and human 
IL-17 share 62% of their amino acid sequence. Human IL-17 acts on mouse cells 
whereas the opposite is not the case. Human IL-17 has a 72% homology with 
HVS13, an open reading frame from the T cell lymphotrophic Herpes virus saimiri, 
and a 63% homology with murine CTLA8 [2]. 

IL-17 was first described as a T cell product. Up until now, this specificity 
remains valid with almost no exception. However, other cells may also be a source 
of IL-17. Eosinophils, which can produce almost any cytokine, were shown to be a 
source of IL-17 in bronchial secretions during asthma [4]. More recently, PMN were 
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found to produce IL-17 in a model of LPS induced airway neutrophilia, even in T 
cell-deficient Scid mice [5]. The respective contribution of neutrophil-derived IL-17 
over that from T cells remains to be clarified. 



IL-17 family 

More recently, a systematic gene bank analysis found other molecules with sequen- 
ces with four cysteine residues, which are characteristic of IL-17. These proteins 
were classified as members, now up to five, of the IL-17 family [1, 6, 7], listed as 
IL-17A to F [8, 9]. We will focus on the founding father of the IL-17 family, IL-17A 
unless indicated (Fig. 1). 

Regarding the role of other IL-17 family members in inflammation, IL-17B 
appears the most directly involved in joint physiology. IL-17B is expressed and pro- 
duced by chondrocytes [7]. This could give it a particular role during cartilage 
degradation. IL-17C was found to induce PMN-related lung inflammation [9]. IL- 
17D stimulates the production of proinflammatory cytokines such as IL-6, IL-8, 
GM-CSF. Conversely, IL-17D was found to inhibit myeloid progenitor cell forma- 
tion [8]. In sharp contrast, IL-17E appears to contribute to eosinophilia, B cell 
hyperplasia and altered antibody production with hyper IgE levels [10]. These fea- 
tures were observed in IL-17E transgenic mice which showed an increased Th2 
cytokine patterns associated with high levels of IL-4, IL-5 and eotaxin [11]. Simi- 
larly IL-17F, also referred to as IL-25, has been classified as a Th2 cytokine, since it 
induces the production of IL-4, IL-5, IL-13. These effects are associated with 
eosinophilia, suggesting the contribution of IL-25 to allergy [9]. Mast cells appear 
to be a potent source of IL-25 leading to increased Th2 response [12]. 



Mode of action 

The mouse IL-17 receptor was first isolated at the time of IL-17 discovery, followed 
by the description of the human counterpart [13, 14]. Comparison of known 
sequences and protein structure indicated that the IL-17 receptor is a member of a 
new family [13]. Contrasting with the strict limitation of IL-17 production to T 
cells, its receptor is widely expressed on almost any cell type. Affinity measurements 
showed however that the isolated IL-17 receptor interacts with IL-17 with a rather 
low affinity, lower than the one observed with other cytokine receptors, which are 
often composed of more than one chain. This suggests that additional chains may 
be associated with the IL-17 receptor [7]. We will see below that a soluble form of 
the mouse low affinity chain is a potent inhibitor of IL-17 function, even with 
human cells. In addition, four additional receptors, which share sequence homolo- 
gy with the IL-17 receptor, can interact with new IL-17 family members. 
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The IL-17 family 



IL-17 family member 


Other name 


Major effects 


IL-17A 


CTLA-8 


Inflammation 
Neutrophil activation 
Matrix destruction 


IL-17B 




Cartilage destruction 


IL-17C 




Neutrophil activation 
Lung inflammation 


IL-17D 


IL-27 


Inflammation 


IL-17E 


IL-25 


Eosinophil activation 
IgE secretion 
Allergic reaction 


IL-17F 


ML-1 


Allergic reaction 



Figure 1 

The IL-17 family 



Intracellular IL-17 signaling pathways have been identified and their pharmaco- 
logical control is under active research. IL-17 shares transcriptional pathways with 
IL-1 and TNFa. In particular, as for the later, p38 and NF-kB are the key tran- 
scriptional factors involved in IL-17 function. These pathways have been identified 
in synoviocytes [15], chondrocytes [16] and appear to be the same in osteoblasts 
and myoblasts [17]. The use of common pathways is of importance when consider- 
ing the combination of cytokines, which often act in synergy. 



Inducers of IL-17 

Because of its proinflammatory properties, IL-17 production is under the control of 
other proinflammatory cytokines (Fig. 2). Among these, IL-15 is a cytokine pro- 
duced by mesenchymal cells, which contributes to T cell activation and prolifera- 
tion. IL-15 has been shown to induce IL-17 production by T cells, an effect inhibit- 
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Figure 2 

Effects of IL-17 on joint compartments 



ed by cyclosporin A [18]. Similar results have been obtained for neutrophil-derived 
IL-17 [5]. 

More recently, the contribution of monocyte-derived signals acting on T cells has 
been clarified with the demonstration of the enhancing effect of the new IL-23. IL- 
23 is a new member of the IL-12 family, which shares the p40 subunit with IL-12. 
IL-23 was found to increase IL-17 production by T cells [19]. IL-23 also appears to 
induce IL-17F production. 



IL-17 and the other proinflammatory cytokines 

IL-17 was described for its ability to induce the production of IL-6 and IL-8 by 
fibroblasts [3]. Early studies used synoviocytes suggesting from the beginning a role 
for IL-17 in joint inflammation. These properties were long ago assigned also to IL- 
1 and TNFa. When the three cytokines were compared for their effect on IL-6 pro- 
duction, clearly IL-1 was the most potent with a few pg/ml as potent as 10 ng/ml of 
TNFa or IL-17. The most interesting part of these studies with disease application 
in mind was the demonstration of an additive and often synergistic effect between 
IL-1 or TNFa and IL-17 [20]. This observation is important since during synovium 
inflammation, the combined production of TNFa, IL-1 and IL-17 is to be expected. 
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As IL-17 is produced by T cells, the synergy will be controlled by the presence of IL- 
17-producing T cells, whereas the presence of monocytes producing IL-1 and TNFa 
is far less specific, as also observed in osteoarthritis. In these conditions, IL-17 will 
have a regulatory role responsible for a fine tuning of the inflammatory response 
[21]. This synergy was observed first with synoviocytes [20] and later with chon- 
drocytes [22, 23], osteoblasts [24], myoblasts [17]. 

In addition, these cytokines interact with each other at the level of their produc- 
tion. IL-17 was found to increase the production of IL-1 and TNFa by monocytes 
[25]. Thus low concentrations of IL-17 will increase the proinflammatory proper- 
ties of these monocyte-derived cytokines. This feature defines IL-17 as a regulatory 
cytokine, in accordance to the role assigned to T cells. 

The mechanisms responsible for such synergy are not fully understood. The sig- 
naling pathways and transcription factors involved with IL-1, TNFa and IL-17 are 
very similar. However in vitro studies have used rather high concentrations of a sin- 
gle cytokine. When lower concentrations, which reflect more directly the in vivo sit- 
uation, were used in combination, a very potent effect on transcription factor acti- 
vation could be observed. Our observations with various mesenchymal cells such as 
synoviocytes, osteoblasts or myoblasts indicate that cytokine combination results in 
a recruitment of additional transcription factors not activated when cytokines are 
used alone, even at optimal concentrations [17]. 

It should be noticed that the number of IL-17 producing cells in RA synovium is 
indeed very small [26]. Although the level of secretion per cell could then be quite 
high, the biological significance of such secretion appears to imply interactions 
between IL-17 and other monocyte/synoviocyte derived factors. This could be the 
way for such a limited cell population to contribute to disease. 



IL-17 and host defense 

Cytokines have an important effect on systemic response to stress. In addition, T 
cells are critical for cell-mediated immunity, suggesting the role of IL-17 in host 
defense. Indeed IL-17 induces the maturation of CD34 hematopoietic lymphoid and 
myeloid progenitors [27]. Control of acute situation includes the role of IL-17 in 
neutrophil maturation in combination with stem cell factor and GM-CSF [3]. Cir- 
culating neutrophil counts were found to be regulated by a feedback loop involving 
IL-17 and G-CSF [28]. In the same way, IL-17 induced neutrophil accumulation in 
infected lungs. In a model of intra-abdominal sepsis, abscess formation was found 
to be related to the IL-17 production by CD4 T cells as antibody inhibition of IL- 
17 prevented abscess formation [29]. In addition, IL-17 activated neutrophils to 
produce chemokines and hematopoietic growth factors [30]. Mice deficient in IL-17 
receptor showed an increased sensitivity and mortality to lung bacterial infection, 
suggesting a mechanism for CD4 T cell defects associated with bacterial pneumonia 
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[31]. In relation with chronic inflammation, increased IL-17 expression was 
observed in the inflamed musosa of patients with inflammatory bowel diseases [32]. 
In Behcet’s disease, increased levels of circulating IL-17 were observed in active dis- 
ease in association with similar findings for IL-18 and IFNa [33]. 

IL-17 contributes to other features of T cell mediated immunity. Regarding 
tumor control, IL-17 induced T cell-dependent tumor specific immunity, with an 
effect on angiogenesis associated with tumor growth in mouse [34, 35]. Regarding 
graft immunity, inhibition of IL-17 could control experimental allogeneic graft 
rejection [36]. Accordingly, detection of IL-17 expression may serve as a predictive 
parameter for subclinical renal allograft rejection [37, 38]. In RA, it is possible that 
the immune defect associated with TNFa inhibition could be related to a role for 
IL-17 to control opportunistic infections such as tuberculosis. In this case, inhibition 
of TNFa modifies the synergy of the cytokines acting on or produced by T cells. 

These effects of IL-17 on host defense have to be considered carefully when inhi- 
bition of IL-17 is considered in patients where systemic immune defenses are already 
altered. 



IL-17 in arthritis 

The first results in arthritis were obtained when an ELISA was made available. Lev- 
els of IL-17 were found higher in RA synovial fluids when compared to OA fluids 
[39]. It was critical to demonstrate that the measured IL-17 in synovial fluid was 
functional and produced by the synovium itself [26]. Quantification of IL-17 was 
performed using a specific biological assay looking at the production of IL-6 by syn- 
oviocytes stimulated with supernatants from RA synovium first preincubated with 
a blocking anti-IL-17 antibody. Functional IL-17 was spontaneously produced by 
many RA samples at high levels, a few OA at very low levels and none of normal 
synovium explant cultures. IL-17 mRNA expression was demonstrated by RT-PCR 
in RA but not in OA synovium samples. IL-15 produced by synoviocytes is also a 
potent inducer of IL-17 production [18]. RA synovium samples with high expres- 
sion of IL-12 and IL-18, two Thl inducing cytokines, showed also a high IL-17 
expression [40]. It is of interest to note that IL-17 was also found highly expressed 
in the brain of patients with multiple sclerosis (MS) by micro array analysis [41]. 
Similar conclusion was observed in experimental autoimmune encephalomyelitis in 
IL-12 (32 chain receptor deficient mice. These results suggested the contribution of 
IL-23 in disease expression through the production of proinflammatory cytokines 
including IL-17 [42]. Recently, the contribution of ICOS, a co-stimulatory receptor 
expressed by T cells, in the expression of IL-17 in collagen-induced arthritis was 
shown. ICOS knockout mice were resistant to collagen-induced arthritis [43]. 

In RA synovium, IL-17 producing cells represent a minor subset of lymphocytes 
found in lymphocytic infiltrates around vessels. These cells express CD4 but have 
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lost their CD3. On average, they are large cells, with a remote nucleus, giving the 
appearance of plasma cells [44, 45]. The parallel can be drawn between B cells, 
which have lost their B cell membrane receptor when they start to produce soluble 
immunoglobulin as plasma cells. Similarly, this would be in line with a high pro- 
duction of IL-17 per single cell. 

The addition of exogenous IL-17 to RA synovium pieces resulted in an increase 
of IL-6 production, whereas that of a blocking anti-IL-17 antibody reduced it. These 
first results indicated that IL-17 was present and could contribute to the active 
proinflammatory and destructive pattern characteristic of RA. 



Effects on synovium cell populations 

In synovium, T cells are in contact with other cells such as synoviocytes, monocytes 
and dendritic cells. In bone, the same interactions occur whereas chondrocytes pro- 
tected by cartilage extracellular matrix are rather the target of soluble factors. These 
interactions are summarized in Figure 1 and the related functions of IL-17 in Fig- 
ure 2. 

On synoviocytes, IL-1 (3, TNFa and IL-17 induced IL-6 and LIF production, IL-1 
being much more potent than IL-17 or TNFa [20]. Using low concentrations of IL- 
17 and IL-1 (3 in combination, a synergistic effect was observed for the production of 
IL-6 with an additive effect for LIF production. Thus, low levels of cytokines pro- 
duced by monocytes (IL-1) and T cells (IL-17) can act together on synoviocytes. Then 
some RA synovium T cells producing IL-17 activate mesenchymal cells leading to an 
increased proinflammatory pattern sensitive in part, to Th2 cytokine regulation. 

Increased production of chemokines and other cytokines was observed with IL- 
17. Synergy was again observed between IL-1, TNFa and IL-17 for the production 
of MIP-3a now renamed CCL20, pa chemokine involved in the migration of mem- 
ory T cells and immature dendritic cells [46]. Similar findings were observed with 
myoblasts [17]. 

On dendritic cells (DC), IL-17 appears to favor mouse DC progenitor differenti- 
ation when cells are stimulated with G-CSF and IL-4 [47]. This favors graft rejec- 
tion, which is controlled in part by IL-17 inhibition. In RA synovium, a defect in 
DC maturation was observed with a relative accumulation of immature DC [45]. IL- 
17 interacts with IL-1 and TNFa to favor DC migration, acting in synergy to induce 
the production of CCL20/MIP-3a [46, 48]. Such production by synoviocytes was 
inhibited by the anti-inflammatory cytokines IL-4 and IL-1 3. CCL20 producing 
cells were located in the lining layer and perivascular infiltrates in close association 
with CD la immature dendritic cells. Addition of exogenous IL-17 to synovium 
explants increased CCL20 production. Conversely, specific soluble receptors for IL- 
1, IL-17 and TNFa inhibited CCL20 production to various degrees but maximal 
inhibition was obtained only when the three receptors were combined. These find- 
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ings indicate that interactions between monocyte and Thl cell derived cytokines 
contribute to the recruitment of T cells and DC by enhancing the production of 
CCL20 by synoviocytes. 



Effects of IL-17 on joint destruction 

Proinflammatory cytokines produced by RA synovium have destructive patterns 
(Fig. 2). As described for IL-1 and TNFa, IL-17 increased the spontaneous produc- 
tion of metalloproteases such as MMP-1 by synoviocytes, IL-1 being again more 
potent. Addition of IL-4, IL-1 3 and IL-10 to synoviocytes reduced the spontaneous 
and IL-17 or/and IL-ip induced production of MMP-1 and induced that of its 
inhibitor TIMP-1. In the presence of anti-IL-17 blocking antibody, MMP-1 produc- 
tion and collagenase activity by RA synovium was reduced and associated with a 
reduction of type I collagen C-telopeptide fragments (CTX) released in the super- 
natants, demonstrating the direct contribution of IL-17 in destruction [49]. From 
these results, IL-17 and thus its producing T cells appear to contribute to the RA 
inflammatory destructive process. 

On chondrocytes, IL-17 induced PGE 2 and nitric oxide production by cartilage 
explants in an IL-1 independent but LIF dependent fashion [23, 50-52]. IL-17 
increased collagenase-3 production as for IL-1, mainly through AP-1 activation 
[53]. Here also, a synergistic effect on cartilage degradation was seen when IL-17 
was combined with TNF and IL-1 [54]. However differences were observed where 
IL-17 activates FosB and IL-1 [3 cfos, suggesting differential pathways [53]. Indeed 
opposite effects have been reported when comparing IL-1 and IL-17 activity on NO 
effect on cartilage matrix breakdown [55]. IL-17 was found to increase chemokine 
production with a increasing effect on IL-1|3 mRNA expression [56]. Other mem- 
bers of the IL-17 family such as IL-17E or IL-25 have also direct cartilage break- 
down activity [51]. 

On osteoblasts, IL-17 induced IL-6 production [57]. As in chondrocytes, but 
only in combination with TNFa, IL-17 induced NO production in osteoblastic cells 
and fetal mouse metatarsals through a NF-icB-dependent mechanism [58]. During 
cell interactions between osteoblasts and osteoclast precursors, the presence of IL- 
17 induced osteoclastogenesis, a effect found to be PGE 2 mediated [39]. IL-17 and 
other cytokines stimulating osteoclastogenesis, such as IL-1 (3 and TNFa, increased 
the expression of RANKL with a decrease of its regulator OPG expression in osteo- 
blasts/stromal cells [59]. IL-17 producing T cells express the membrane form and 
secrete the soluble form of RANKL [60]. These functions make IL-17 a new cyto- 
kine involved in bone resorption [24]. In the context of RA, T cells in juxta-articu- 
lar bone are the source of IL-17, which then acts locally leading to destruction [44]. 

The origin and role of IL-17 in cartilage and bone destruction during RA remain 
to be clarified. In human ex vivo models, addition of IL-17 enhanced IL-6 produc- 
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tion and collagen destruction and inhibited collagen synthesis by RA synovium 
explants [44]. In isolated mouse cartilage, IL-17 increased cartilage proteoglycan 
loss and inhibited its synthesis [44, 61]. On human RA bone explants, IL-17 also 
increased bone resorption and decreased formation [44]. In these conditions, addi- 
tion of IL-1 increased IL-17 effect. Blocking of bone derived endogenous IL-17 with 
specific inhibitors resulted in a protective inhibition of bone destruction. This was 
observed with the administration of soluble IL-17 receptor to collagen induced 
arthritis [62]. Conversely, intra-articular administration of IL-17 into a normal 
mouse joint induced cartilage degradation [63]. These effects were IL-1 independent 
as the IL-17 effect was still observed in IL-1 deficient mice [64]. This was extended 
with the continuous administration of IL-17 by gene therapy [65]. In the same 
model, induction of bone erosion was associated with an unbalance of the 
RANKL/OPG ratio in favor of an excess of RANKL stimulating osteoclastogenesis 
and bone erosion [66]. In the same field of bone erosion, IL-17 could contribute to 
periodontal diseases following local bacterial stimulation [67]. In conclusion, the 
contribution of IL-17 derived from synovium and bone marrow T cells to joint 
destruction suggests the control of IL-17 for the treatment of RA. 



IL-17 and the Th1/Th2 cytokine balance 

As described as a T cell product, it was logical to search for the position of IL-17 in 
the now classical Thl/Th2 subsets [68]. This classification although oversimplified, 
is useful to understand cytokine patterns in relation to disease. RA was thus classi- 
fied as a Thl disease with high levels of destruction with defective repair whereas 
conversely, scleroderma is characterized by abnormal repair activity leading to dif- 
fuse fibrosis. Accordingly, IL-4 is defective in RA but contributes to matrix forma- 
tion in scleroderma. Defects have been identified in RA synovium T cells, which 
appear unable to switch to IL-4 production [69]. Similar conclusion was observed 
with RA synovium Thl T cell clones unable to switch to a Th2 phenotype even with 
Th2 promoting conditions [70]. 

Results with these T cell lines and clones derived from RA synovium allowed the 
classification of IL-17 as a Thl cytokine [71]. Indeed IL-17 was always produced in 
association with IFNy and for some clones, in association with a mixed ThO pattern 
with IFNy and low levels of IL-4. This conclusion was extended when looking at 
function. When fixed T cell clones were incubated with RA synoviocytes, IL-17 pro- 
ducing cells were the most potent inducers of IL-6 production by synoviocytes [72]. 
Moreover, they inhibited synoviocyte collagen synthesis. Opposite results were 
obtained with Th2 clones. These results indicate that IL-17 producing Thl cells con- 
tribute to the defective repair activity in joint inflammation. 

Pre-incubation of clones in Thl conditions (IL-12 plus anti-IL-4) increased IL-6 
production whereas Th2 conditions (IL-4 plus anti-IL-12) strongly inhibited IL-6 
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production and restored repair activity [70]. As RA synovium is infiltrated by Thl 
cells, local cell interactions result in a proinflammatory pattern with defective repair, 
which can be reversed at least in part, by a Th2 pattern. 

With clones from atopic individuals, it was not possible to associate IL-17 with 
a particular Th cytokine subset [73]. Such apparent discrepancy may in fact reflect 
the contribution of the local environment to the cytokine pattern. Indeed induction 
of a switch from Thl to Th2 is difficult to obtain with T cells clones from RA syn- 
ovium. This may be linked to a prolonged in vivo exposure to conditions where Thl 
cytokines are over represented and Th2 ones rather defective. 

IL-17E appears to be in contrast a Th2 promoting cytokine in animal models of 
allergy [9]. In addition, IL-17E transgenic mice showed both G-CSF dependent neu- 
trophilia and high Th2 cytokine expression [10]. 



Control of IL-17 and regulation 

At present two specific IL-17 inhibitors have been tested in vitro and in animal mod- 
els. They include blocking monoclonal antibodies and a soluble IL-17 receptor (sR). 
These two tools are the equivalent of infliximab and etanercept for TNFa inhibition 
respectively. 

Although these inhibitors have not been tested in RA or other inflammatory dis- 
eases, the rationale for such application has been obtained from studies in animal 
and human models. Soluble IL-17 receptor reduced severity and joint damage of 
adjuvant arthritis in the rat [62]. Using RA synovium and bone ex vivo models, 
addition of both types of IL-17 inhibitors reduced inflammation and destruction. As 
IL-1, TNFa and IL-17 have many additive and/or synergistic effects in vitro , the 
question remains as to whether their combined inhibition would lead to an enhanc- 
ed effect on ex vivo models of synovium inflammation and bone destruction [74]. 
Indeed anti-TNFa therapy has shown clear efficacy in RA treatment, but some 
patients do not respond and the treatment is only suspensive. 

RA synovium and bone explants were cultured in the presence of etanercept, the 
TNFa-p75 soluble receptor (sR) alone as in current therapy, and in combination 
with the type II IL-1 and IL-17 sR. In synovium, all three sR used alone decreased 
IL-6 production by approximately one third and that of CTX by one half. Combi- 
nation was more effective, inhibiting the effects up to 70%. In bone, similar results 
were obtained with the combination on IL-6 production. For CTX release, optimal 
inhibition was dependent on the presence of sIL-lR. These results support the con- 
cept of combination therapy, which may increase the percentage of responding 
patients as well as the degree of individual patient response. 

IL-17 function can also be inhibited by Th2 cytokines, which control at the same 
time, among other cytokines, IL-1 and TNFa. On T cell clones from RA synovium, 
addition of Th2 -promoting conditions strongly reduced the production of both 
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IFNy and IL-17, while Thl -promoting conditions increased the production of these 
cytokines [70]. These results demonstrate that RA Th2 clones readily switch, while 
Thl and ThO clones are more stable. 

This was further extended with the administration of IL-4 to mice with arthritis 
through gene therapy [75]. Although severe inflammation persisted in treated mice, 
IL-4 prevented bone erosion and diminished the formation of osteoclast-like cells. 
Messenger RNA and protein levels of IL-17 in synovium were suppressed. RANKL 
expression was markedly suppressed leading to reduced osteoclast activation and 
finally bone destruction. Similarly, bone samples of RA patients showed consistent 
suppression by IL-4 of type I collagen breakdown. IL-4 also enhanced synthesis of 
type I procollagen, suggesting an effect on tissue repair. 

Regarding potential side effects associated with IL-17 inhibition, blocking of IL- 
17 in human diseases may have limitations by reducing T cell mediated immunity. 
This may affect host defense, neutrophil as well as T cell mediated infections, tumor 
cell control [76]. 



Conclusion 

The demonstration of the activities of IL-17 has added new data in favor of the con- 
tribution of T cells to RA, an issue once highly discussed [77]. This proinflamma- 
tory cytokine is produced by RA synovial membrane, more particularly by infiltrat- 
ing Thl lymphocytes. When in contact with synoviocytes, IL-17 producing T cells 
have an increased ability to favor destruction and to block repair activity in syn- 
oviocytes. Furthermore, IL-17 produced by T lymphocytes from bone marrow con- 
tributes locally to juxta-articular bone destruction. Finally, IL-17 acts in synergy or 
additively with TNFa and IL-1, increasing their production and action. According- 
ly, inhibition of IL-17 could be beneficial in human RA as demonstrated in many 
models of RA. Tools for treatment are already available. Combination therapy with 
the current cytokine inhibitors may be of interest to increase the rate and duration 
of response. 
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Background 

In many chronic diseases, inflammation is characterized by the influx into the tar- 
get tissue of migratory cells such as T and B lymphocytes, dendritic cells, neutrophils 
and mononuclear phagocytes. This influx of inflammatory cells in the target tissue 
is associated with the proliferation of invading and resident cells and frequently with 
destruction and remodeling of the extracellular matrix. In the joint structures, the 
destruction of the organic phase is due to proteases (mainly MMP whose activity is 
controlled by specific inhibitors) and the resorption of the inorganic phase of bone, 
mainly due to the action of the receptor activator of NF-kB and its ligand 
(RANK-RANKL) and prostanoids. The expression of these proteases and their 
inhibitors is regulated by different types of stimuli, including soluble factors (i.e., 
cytokines, hormones), contact with extracellular matrix components and direct cel- 
lular interactions [1-3]. In pathologic conditions, the production of cytokines and 
MMP by infiltrating and resident tissue cells escapes regulatory mechanisms. The 
activity of proinflammatory cytokines is counterbalanced by numerous mechanisms 
of which cytokine inhibitors - IL-1 receptor antagonist (IL-IRa), TNF soluble 
receptors (TNFsR) - and tissue inhibitor of MMP (TIMP) are examples. It is gener- 
ally acknowledged that the imbalance between cytokines and their respective 
inhibitors is responsible for the persistence of chronic inflammatory conditions and 
maybe even necessary for their initiation. There is now considerable evidence that 
cytokines such as TNFa and IL-1 are involved in many diseases resulting in tissue 
destruction. This has been demonstrated by human clinical trials in rheumatoid 
arthritis (RA) (for review see [4-8]). Cytokine blockade in the clinic has also proved 
useful in many other diseases including juvenile idiopathic arthritis, Crohn’s disease, 
spondyloarthropathy, vasculitis and psoriasis [9-16]. The above cytokines are also 
involved in the pathogenesis of several other diseases including multiple sclerosis 
(MS) [17, 18], systemic lupus erythematosus (SLE) [19, 20], and atherosclerosis [21, 
22 ]. 
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IL-1 and TNF in RA 

Considering that IL-1 and TNF are described in detail in other chapters in this book, 
we will only point out some of their particularities in order to clarify the mecha- 
nisms described below. 

IL-1 and TNFa are both synthesized transiently after cell activation and can be 
present in soluble and cell membrane-associated forms [23-25]. They share many 
effects (redundancy) and can act in synergy. Two types of receptors have been 
described for each IL-1 and TNFa that can have disparate functions. For example, 
both IL-la and IL-1 (3 bind with equal affinity to types I and II IL-1 receptors (IL- 
1R) [26]. The type I IL-1R is solely responsible for signal transduction while the so- 
called “decoy” type II IL-1R sequestrates both IL-la and IL-1 (3 on the cell surface 
or, when shed in soluble form, can inhibit IL-1 activities [27]. In addition to type II 
soluble receptor there is the IL-IRa that competitively binds the IL-1 receptor with- 
out inducing signaling and thus inhibits IL-1 activity [28]. Interestingly, although IL- 
lRa might bind the IL-1 “decoy” receptor, the two do not interfere with each other 
[29]. TNFa and lymphotoxin-a (LTa) - although only 28% homologous in amino 
acid sequence - share the two receptors, each of which activates distinct cellular 
activities. Binding of TNFa or LTa to the p55 receptor results mainly in cytotoxic 
events, while binding to the p75 receptor favors lymphoproliferative responses [30]. 
Both TNF receptors can be shed and thus act as specific TNFa inhibitors. Multiple 
studies have been devoted to the determination of cytokine levels in biological flu- 
ids in various diseases, but have often yielded contradictory results, particularly con- 
cerning the relationship with disease activity. Overall, TNFa tends to be elevated at 
the systemic level during acute infections, but to a lesser extent in chronic diseases, 
while IL-1 is hardly found at all in plasma or serum. However, IL-1 and TNFa are 
detectable locally, for instance in synovial fluids and synovium of RA patients as 
assessed by immunochemistry and by in situ hybridization for mRNA expression 
[31-33]. In contrast, IL-IRa [34-36] and the two TNFsRs [34, 37-41] are readily 
detectable in patients’ serum or plasma. In some patients anti-IL-la antibodies have 
been detected, although their function remains elusive [42, 43]. In animal models 
the balance between IL-1 and IL-IRa appears to be crucial to the development and 
remission of arthritis [44]. 

From in vitro experiments with cultured cells and from animal models the con- 
sensus has been reached that IL-1 and TNFa are the main proinflammatory and 
destructive cytokines, primarily due to their stimulation of MMP production by 
fibroblast-like synoviocytes in the inflamed synovium. Patients with severe RA, or 
patients with a high synovial fluid leukocyte count, have elevated levels of TNFa. 
Macrophages in the synovial lining layer in RA and in the subsynovium contain 
high levels of TNFa and IL-1 (reviewed in [45]). Although it has been claimed that 
TNFa is of primary importance in RA because it is the major dominant regulator 
of IL-1 [4], the principal impact of TNFa on tissue destruction is due to the syner- 
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gism between TNFa and IL-1. Contrary to TNFa - predominantly detected in the 
early stages of disease - both IL-1 a and IL-1 (3 are detected long after the onset of 
RA [33, 46, 47]. If TNFa can induce significant amounts of IL-1, IL-1 can also 
induce TNFa to some extent. In addition, many mechanisms independent of TNFa 
(such as direct contact with other cells, denatured proteins, hormones, immune 
complexes and complement components) are able to induce IL-1 (3 production. A 
logical therapeutic approach would therefore be to aim at inhibiting at a proximal 
level the production of both IL-1 and TNFa. 



Triggering of cytokine production in RA 

Although infiltration of T lymphocytes (T L ) into the target tissue precedes tissue 
damage - suggesting their pathogenic effect - M(j>, the main producers of IL-1 and 
TNFa in RA, are also present at an early stage in the lesion, and interactions are 
likely to occur between T L and M(|) [48]. In RA, T L displaying a mature helper phe- 
notype (i.e., CD3 + CD4 + CD45RO + ) are the main infiltrating cells in the pannus, at 
percentages ranging from 16% of total cells in “transitional areas” and 75% in 
“lymphocyte-rich perivascular areas” [49, 50]. T L extravasation occurs at the level 
of vessels presenting the characteristics of high endothelial venules [51]. Angiogen- 
esis and proliferation of resident cells accompany this infiltration. Like other chron- 
ic destructive inflammatory diseases, RA is thought to be a Thl -mediated disease 
[52-55]. However, the mechanisms by which T cells exert their pathogenic role in 
RA remains elusive. Our previous seminal studies, and subsequent works by others, 
strongly argue that direct cellular contact with stimulated T cells is a major path- 
way for the production of IL-1 and TNFa in M(|) [56-61]. Indeed, contact-mediat- 
ed activation of M<|) by stimulated T L is as potent as optimal doses of lipopolysac- 
charide (LPS) and phorbol-myristate-acetate (PMA) in inducing IL-1 (3 and TNFa 
production in monocytes and cells of the monocytic lineage such as THP-1 cells [2]. 
We therefore postulate that this mechanism is highly relevant to the pathogenesis 
and maintenance of chronic destructive, inflammatory reactions in RA. 



T cell-signaling of monocyte-macrophages by direct cell-cell contact 

The activation of effector cells mediated by stimulated T L has been abundantly sub- 
stantiated in the T-B lymphocyte model by the induction of cell proliferation and 
antibody secretion; this activation requires both direct cell-cell contact and soluble 
signals. Indeed, B cells can be activated in the absence of antigen by direct contact 
with activated T cells. A considerable amount of signaling “crosstalk” was observed 
between T and B cells, which triggered various synchronized signals resulting in the 
activation of effector functions in both cell types [62]. Similarly, ample data exist 
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regarding the crosstalk between dendritic cells and T L . Below we will review what 
is known about the crosstalk between T L and M(|> regardless of antigen presentation. 

In the mid-1980s it was observed that the expression of membrane-associated 
IL-la in mouse Mcj) was mediated by both soluble factors and direct contact with T 
cells [63]. The importance of cellular contact was confirmed by experiments show- 
ing that IL-1 was induced upon T cell-M(j) contact with both Thl and Th2 mouse 
cells in the absence of lymphokine release [64]. We and others further established 
that direct contact with stimulated T cells is also a potent stimulus of cytokine pro- 
duction by M(|) in humans [65-67]. 

It has been established that when stimulated by phytohemagglutinin (PHA) and 
phorbol 12-myristate 13-acetate (PMA) most T cell types including T cell clones, 
freshly isolated T L and T cell lines such as HUT-78 cells induce IL-1 and TNFa in 
monocytes [65, 66, 68]. Various stimuli other than PHA/PMA induce T L to activate 
monocytes by direct cellular contact: 

1. Cross-linking of CD3 by immobilized anti-CD3 mAh with or without cross-link- 
ing of the co-stimulatory molecule CD28 [57, 69-71]. 

2. Antigen-recognition on antigen-specific T cell clones [70]. 

3. Cytokine cocktails (TNFa, IL-6, IL-15 and IL-2) [56, 58, 72]. 

Although all T cells may express the ability to stimulate M(|> by direct cell-cell con- 
tact, different types of products are induced in M(() depending on T cell type and T 
cell stimulus. Peripheral blood T L , T cell lines, and T cell clones stimulated with 
PHA and PMA induce the production of TNFa, IL-1(3, IL-la, IL-6, IL-8, IL-IRa, 
TNF soluble receptors, MMP-1, MMP-9, and TIMP-1 in M(|) and/or monocytic cell 
lines [65, 66, 68, 69, 73-75]. Peripheral T L stimulated by phorbol 12,13-dibutyrate 
and ionomycine induce the production of TNFa and IL-10 in M(j) [57]. Antibodies 
to CD3 stimulate T L to induce TNFa, IL-10, IL-1|3, IL-12 and MMP-1 in and 
monocytic cell lines [57, 61, 69, 71, 76]. Cytokine cocktails (IL-6, TNFa, IL-15) 
induce the production of TNFa and IL-1 (3 in M(() [56, 58, 60, 71, 72]. Of interest, 
an imbalance in production between proinflammatory and anti-inflammatory 
cytokines has been observed where Thl cell clones preferentially induce IL-1|3 rather 
than IL-IRa production [70]. Cytokine-stimulated T L induces TNFa production 
while failing to produce IL-10 [58, 70]. This suggests that multiple ligands and 
counter-ligands are involved in the contact-mediated activation of M<|>, which is dif- 
ferentially induced in T cells depending on the stimulus. It was proposed to classify 
T l into two groups, in terms of their different capacities depending on the type of 
stimulus and their effect on M<|): T c k (cytokine-activated T L ) and T tcr (T cell recep- 
tor-activated T l ), T ck being likely to be present in RA synovium [71]. 

In addition to T cell type and stimuli, contact-mediated cytokine production in 
M(f) might be regulated by intrinsic factors. Contact-activated THP-1 cells express 
membrane-associated protease(s) neutralizing TNFa activity both by degrading the 
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Table 1 - Some factors controlling the balance between IL-1/3 and IL-IRa in monocytes 



I Soluble products 

(a) Increase in IL-IRa levels and decrease in IL-1 (3 levels 

- IL-4, IL-13, IL-10, TGF|3, IFNp 

(b) Increase in IL-IRa levels and unchanged IL-1 (3 levels 

- adherent IgG 

II Intracellular mechanisms 

(a) Increase in IL-IRa levels and decrease in IL-1 (3 levels 

- PI3K activation 

III Contact with stimulated T lymphocytes 

- T lymphocyte subsets: Th1/Th2 IL-1 (3/IL-1 Ra 

- Types of T lymphocyte stimuli 

- Types of ligands-counter-ligands between T L and Mc|) 

- CD40-CD40L in co-culture 

- Blockade: | IL-1 levels, unchanged IL-IRa 

IV Therapeutic agents 

- Leflunomide: increase in IL-1 Ra/IL-1 ratio 

- IFNp: increase in IL-IRa and decrease in IL-1 p 



latter cytokine and by cleaving its receptors at the cell surface [74]. Finally, upon 
contact with stimulated T cells the balance between IL-ip and IL-IRa production in 
monocytes is ruled by Ser/Thr phosphatase(s) [75]. Thus the triggering of these 
intra- and extra-cellular processes by direct contact with stimulated T L may regulate 
the proinflammatory cytokines and their inhibitors, and the balance of their pro- 
duction in monocytes might dictate in part the outcome of the inflammatory 
process. Some factors controlling the balance between IL-ip and IL-IRa and dis- 
cussed in this chapter are summarized in Table 1. 



Cell surface molecules involved in contact-mediated monocyte activation 

A crucial aspect arising from these observations is the missing or incomplete char- 
acterization of molecules on the T cell surface, which are involved in contact-medi- 
ated signaling of M(() activation as well as their counter-ligands. It has been postu- 
lated that T cell membrane-associated TNFa was involved in M(J) activation [77- 
79]. Ffowever, fixed, stimulated Th2 cells from a T cell line that failed to express 
membrane-associated TNF induced both TNF and IL-1 production in M(|) [80], 
demonstrating that TNFa might only play a partial role. We have shown that nei- 
ther soluble TNFa receptors nor IL-IRa block T cell-signaling of the monocytic cell 
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line THP-1. Besides, neutralizing antibodies to TNFa, IL-1, IL-2, IFNy and GM- 
CSF all failed to affect monocyte activation by membranes from stimulated T cells 
[65, 66, 73]. Similarly, although LT-(3 receptor is expressed in M(|) [81, 82], mem- 
brane-associated LT is unlikely to be involved in M(j) signaling upon contact with 
stimulated T cells, since Th2 clones do not express the LTa|32 at their surface nor 
secrete LTa3 [83, 84]. 

Surface molecules other than membrane-associated cytokines have also been 
assessed as to their ability to activate M(j) upon contact with stimulated T cells, e.g., 
LFA-l/ICAM-1, CD2/LFA3, CD40/CD40L and lymphocyte activation-antigen-3 
(LAG-3). Thus CD40/CD40L interaction was shown to be involved in the contact 
activation of both human and mouse by T L [76, 85]. However, T L isolated from 
CD40L knockout mice triggered M(j) activation although to a lower extent than 
their wild type counterpart [86]. Furthermore, we did not observe inhibition of con- 
tact-induced cytokine production, by using blocking antibodies to CD40L or solu- 
ble CD40 when M(() was activated by membranes isolated from stimulated human 
T l . Furthermore, HUT-78 cells, which efficiently induce cytokine production in M(j), 
do not express CD40L mRNA in resting or activated conditions [87], and THP-1 
cells that respond to contact-mediated activation by membranes of stimulated T 
cells do not express CD40. We recently confirmed this since CD40L-trimer (pro- 
vided by Dr. E. Williamson, Immunex Corp., Seattle, USA) did not induce the pro- 
duction of cytokines in peripheral blood monocytes and THP-1 cells, although it 
induced the production of TNFa in IFNy-primed monocytes, i.e., macrophages 
(Fig. 1, open bars). However, CD40L does play a role in co-cultures of living M(j) 
and T cells stimulated with IL-1 5 or IL-2 [72]. Indeed, when living T cell clones and 
monocytes or THP-1 cells were cultured together, IL-1 (3 production was induced 
almost exclusively by Thl cells and was dependent on the presence and dose of IL- 
2 or IL-1 5, as well as on cell-cell contact, as demonstrated by double-chamber cul- 
tures [72]. In contrast, low levels of IL-IRa were induced by Thl and higher levels 
by Th2 cells. Blockade of the CD40-CD40L interaction resulted in the inhibition of 
IL-ip-inducing capacity, IL-IRa induction remaining unaffected. Although this dif- 
ferential effect indicates the selective relevance of CD40-CD40L engagement in 
inflammatory monocyte responses upon activation by T cells, the premise that 
CD40L expression levels did not differ in Thl and Th2 cell clones suggests that 
additional, unidentified molecule(s) preferentially expressed by Thl cells are 
involved in their IL-ip induction capacity [72]. Therefore, CD40/CD40L might be 
a co-factor in contact-mediated activation of M(j) by stimulated T L . LAG-3 might 
also be one of the latter factors since it is able to synergize with low amounts of 
CD40L in inducing TNFa and IL-1 2 on monocyte-derived dendritic cells [59]. In 
our system LAG-3 alone did not induce the production of IL-ip and TNFa (unpub- 
lished results). Recombinant soluble CD23 induced cytokine production on mono- 
cytes [88-91]. In monocytes, the counter-ligands of CD23 are CDllb/CD18 and 
CDllc/CD18 [92] and indeed the engagement of CDllb and CDllc in human 
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IFNy-treated 

A monocytes B monocytes C THP-1 cells 




Figure 1 

Cytokine production by monocytes , IFNy-treated monocytes and THP-1 cells 
Cells (50 x 10 3 cells/200 pi /well) were cultured with the indicated stimulus in the presence 
(dashed bars) or absence (open bars) of 0.2 mg/ ml HDL for 48 hours. A) Freshly isolated 
human blood monocytes were activated by 6 pg/ml proteins of isolated plasma membranes 
from stimulated HUT-78 cells (msT) or 3 pg/ml CD40L-trimer (CD40L-T). B) Isolated periph- 
eral blood monocytes were treated for seven days with 500 U/ml IFNy and then activated 
with 60 pg/ml proteins of msT or 3 pg/ml CD40L-T. C) THP-1 cells were activated with 60 
pg/ml proteins of msT or 3 pg/ml CD40L-T. Cytokines in supernatants were measured by 
ELISA. 



monocytes induced the production of IL-1(3 and macrophage inflammatory protein 
la (MIP-la) and MIP-1|3 [90, 91]. Furthermore, LFA-1 (CDlla/CD18) and CD 69 
contribute to the activation of human monocytic cells by stimulated T cells [65, 93]. 
This was substantiated by a study showing that IL-15 induced synovial T cells from 
RA patients to activate the production of TNFa by M(|). This effect was partially 
inhibited by antibodies to CD69, LFA-1 and ICAM-1 [56]. 

Together these studies suggest that some known surface molecules are involved 
in T cell signaling of M<j). However, inhibitors (e.g., antibodies) of these molecules 
fail to abolish monocyte activation altogether, emphasizing the necessity for shed- 
ding more light on the factor (s) involved in T cell signaling of human monocytes by 
direct contact, which process leads to the production of IL-1 and TNF. Furthermore, 
hierarchy and sequence of events during this crosstalk still need to be established. 
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Identification of an inhibitor of T cell contact-mediated activation of 
monocyte-macrophages 

The inhibition of T cell-signaling of monocytes might be important in that it would 
maintain a low level of monocyte activation within the blood stream. This hypoth- 
esis was sustained by an initial observation showing that contact-mediated activa- 
tion of IL-1|3 and TNFa production on either monocytes or THP-1 cells was inhib- 
ited in the presence of human adult serum but not of fetal calf or human cord serum 
[94]. After human serum fractionation, we identified apolipoprotein A-I (apo A-I) - 
the principal protein of high-density lipoprotein (HDL) - as being an inhibitor of 
contact-mediated activation of monocytes [94]. Due to the configuration of the apo 
A-I molecule, when reconstituted with the lipid component of HDL its inhibitory 
activity is more potent and reproducible (unpublished). The serum concentrations 
of apo A-I, a “negative acute-phase protein”, undergo marked changes in several 
inflammatory diseases [94]. In RA, the levels of circulating apo A-I and HDL-cho- 
lesterol in untreated patients were lower than in normal controls [95-97]. In con- 
trast, apo A-I was increased in the synovial fluid of RA patients [98], although its 
concentrations remained 10-fold lower in synovial fluid than in plasma. The eleva- 
tion of apo A-I levels in synovial fluid of RA patients was accompanied by an 
enhancement in cholesterol, suggesting an infiltration of HDL particles in the 
inflamed joint. Indeed, immunohistochemistry revealed an accumulation of apo A- 
I in the perivascular regions of the RA synovium [99]. The observation that apo A- 
I can infiltrate and be retained at the inflammatory site suggests that apo A-I might 
inhibit the local triggering of IL-ip and TNFa release by M<|> that are in direct con- 
tact with stimulated T cells in these areas [49]. It was also shown that the inflam- 
mation in juvenile RA was associated with hypo-high density lipoproteinemia and a 
significant decrease in apo A-I concentration in patient plasma [100]. In SLE, apo 
A-I plasma concentrations are also diminished [101]. This decrease is associated 
with the presence of anti-apo A-I antibodies in 32% of patients [102]. In multiple 
sclerosis patients undergoing IFN|3 therapy, levels of apo A-I proved to be lower in 
a subgroup of patients experiencing relapses and/or progression [103]. Despite the 
paucity of studies reporting levels of HDL in chronic inflammatory diseases, it seems 
that chronic inflammation is associated with low levels of HDL-associated apo A-I. 
We thus hypothesize that in these diseases, a vicious circle sets in that is responsible 
for the persistence of inflammation [104]. 

The identification of HDL-associated apo A-I ligand(s) on stimulated T cells 
might lead to the elucidation of the mechanisms and molecules involved in T cell- 
signaling of monocytes. HDL-associated apo A-I has been shown to bind specifical- 
ly to a number of cell-surface molecules (for review see [105]). Among these HDL- 
binding proteins (HBP) are scavenger receptor B1 (SR-B1), HB2, cubillin [106], 
ATP-binding cassette (ABC) Al transporter [107], and a 95 kDa protein at the sur- 
face of human fetal hepatocytes [108]. They all display a high molecular weight 



172 




Cell-cell contact in chronic inflammation 



(> 80 kDa) and have not been identified on T cells to date. Thus, the identity of the 
apo A-I ligand at the surface of stimulated T cells is still unknown, although a spe- 
cific HDL binding site on human T L has been described for which molecular iden- 
tity has not been characterized [109, 110]. 



Effects of anti-inflammatory cytokines and drugs on contact-mediated 
induction of cytokines in monocytes by stimulated T lymphocytes 

Since the contact-mediated activation of M(j) is a major pathway of cytokine pro- 
duction, the modulation of this mechanism, i.e., the blockade of IL-1 and TNFa 
production at the triggering level of contact-mediated activation, would be of ther- 
apeutic interest. We established that therapeutic agents administered to RA and 
multiple sclerosis patients, i.e., leflunomide, an inhibitor of dihydroorotate dehy- 
drogenase [111-113] and IFNp [114-116], respectively, affected the contact-medi- 
ated activation of monocytes. Leflunomide inhibits the ability of stimulated T L to 
trigger IL-1 (3 production in monocytes, resulting in an enhancement of the IL- 
lRa/IL-ip molar ratio [117]. Similar results were obtained with IFNp. Indeed, upon 
contact-mediated activation of monocytes, IFNp not only inhibited IL-ip and TNFa 
but it also stimulated IL-IRa [118, 119], due to the fact that IFNp interfered with 
the activation of both T L and monocytes. Noticeably, surface molecules of T L that 
were found to be involved in contact-signaling of monocytes (i.e., TNFa, CD25, 
CD69, CD18, CDlla, CDllb, CDllc, CD40L and LAG-3) were not modulated by 
IFNp or leflunomide, suggesting that other cell-surface molecules on T L (i.e., apo A- 
I ligand(s)) are involved in the contact-mediated activation of monocytes by stimu- 
lated T l . 



Dissociation of IL-1 (3 and IL-IRa production in monocytes in contact with 
stimulated T lymphocytes 

Although F1DL inhibited the production of TNFa and IL-ip in both peripheral 
blood monocytes and THP-1 cells, it did not affect IL-IRa. Indeed, in isolated 
peripheral blood monocytes, HDL only inhibited IL-ip and TNFa production, IL- 
IRa production being only slightly inhibited or not at all, depending on the exper- 
iment/donor. This was not the case in THP-1 cells where all three IL-ip, TNFa and 
IL-IRa were inhibited (Fig. 1). This recent observation suggests that molecules 
involved in contact-mediated activation of blood monocytes and THP-1 cells may 
differ at least in terms of IL-IRa induction and deserve further investigation. The 
differential inhibition of IL-1 p and IL-IRa also occurred in cell co-cultures. Indeed, 
in PBMC stimulated by either PHA or an antigen (tetanus toxoid, TT) IL-IRa pro- 
duction was not significantly inhibited, contrasting with the obvious inhibition of 
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IL-ip and TNFa production [120]. This further indicates that apo A-I inhibit con- 
tact-mediated monocyte activation when T L is stimulated by either non-specific 
stimuli or antigens. 

A dissociation in the contact-mediated induction of IL-1J3 and IL-IRa has been 
observed not only in the presence of IFN|3 and HDL-associated apo A-I [120, 121] 
but also with Thl and Th2 clones [70, 72] suggesting that T cell surface molecules 
might be differentially involved in the induction of the proinflammatory cytokine 
and its inhibitor. Recent results confirm this hypothesis. Indeed, using a specific 
phosphoinositide-3 kinase (PI3K) inhibitor, we demonstrated that PI3K is a check- 
point in the production of IL-1 (3 and IL-IRa, decreasing IL-1 (3 while inducing IL- 
lRa production [122]. This further confirms that in addition to the involvement of 
different molecules at the surface of T cells, the production of IL-1 (3 and IL-IRa is 
ruled by different signaling pathways. 



T cell-signaling of fibroblasts, neutrophils and endothelial cells by direct 
cell-cell contact 

Over the past 50 years, a tremendous amount of information was generated identi- 
fying a variety of cell types involved in RA. Endothelial cells are present with an 
activated phenotype resembling high-endothelial venule cells [123]. Infiltrating cells 
include T lymphocytes mainly in the perivascular region, monocyte-macrophages 
and fibroblast-like synoviocytes mainly in the pannus lining layer and also B lym- 
phocytes, mast cells and dendritic cells [122-128]. In contrast, neutrophils are main- 
ly found in synovial fluid. Cytokines and contact with neighboring cells may affect 
the stage of activation of these various cell types. At some stages of the inflamma- 
tion, stimulated T L can potentially contact various cells other than mononuclear 
phagocytes that are involved in the pathogenic mechanisms. Such target cell types 
include interstitial fibroblast-like cells (synoviocytes), endothelial cells and maybe 
migrating neutrophils. We observed that contact with stimulated T lymphocytes 
potently affected the latter cells [68, 69, 129-131]. 

Signaling of stromal cells by contact with mononuclear cells has been scarcely 
studied. It has been shown that co-culture of living and resting mononuclear cells 
with autologous dermal fibroblasts resulted in a dose-dependent increase of colla- 
gen synthesis, unlike that observed with fibroblasts cultured alone [132, 133]. In 
addition, T cells cultured in the presence of mycobacterial antigen and IL-2 induce 
in vitro outgrowth of synovial fibroblasts [134] and co-culture of T cells and fibrob- 
lasts induces the production of IL-6 and IL-8 by fibroblasts [135]. These studies, 
however, did not distinguish the effects of direct cellular contact from those of sol- 
uble factors released by mononuclear cells. In addition, contrasting results on the 
stimulatory or inhibitory effects of resting or mitogen-activated mononuclear cells 
are reported in the literature [132, 136, 137]. Contact between fibroblasts and T 
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lymphocytes in vitro mediates survival of the latter cells [138], and it is possible that 
T cells within the synovium may be anergized by contact with HLA-DR + CD80 _ 
fibroblast-like synoviocytes [139]. 

Cellular contact induces an imbalance between MMP-1 and TIMP-1 production 
by dermal fibroblasts and monocytic cells [69]. This was due to the length of the 
stimulation time of T lymphocytes. Indeed, T lymphocytes stimulated with PH AJ 
PM A for 2-4 hours enhanced both TIMP-1 and MMP-1 production by fibroblasts 
and synoviocytes, whereas T lymphocytes stimulated for 12-48 hours increased 
only the production of MMP-1 without affecting the expression of TIMP-1. Since 
direct cell-cell contact with stimulated T lymphocytes induced an imbalance 
between the production of MMPs and TIMP-1 by both monocytes and fibroblasts 
in vitro , it may, in analogy, favor tissue destruction in vivo. In addition to MMP-1 
and TIMP-1, direct cell-cell contact with stimulated T lymphocytes induces PGE 2 
production on human dermal fibroblasts and synoviocytes [131] that also con- 
tribute to tissue destruction by favoring bone resorption. The T cell surface mole- 
cules involved in MMP induction in fibroblasts are mainly membrane-associated IL- 
1 and TNFa. Similarly, membrane-associated cytokines are involved in the inhibi- 
tion of deposition of the major extracellular matrix components such as types I and 
III collagen. Indeed, direct contact with either plasma membranes or fixed, stimu- 
lated T cells markedly inhibited the synthesis of types I and III collagen in dermal 
fibroblasts and synoviocytes, whether untreated or treated with transforming 
growth factor-|3 (TGF|3). This inhibition was associated with a marked decrease in 
steady-state levels of pro-a I and pro-a III collagen mRNAs, which was due to a 
diminished transcription rate but not to a significant alteration of the alpha 1(1) and 
alpha 1 (III) transcript stability. This inhibition of extracellular matrix production 
mediated by T cell contact was partially due to additive effects of T cell membrane- 
associated IFNy, TNFa and IL-la [130]. Thus, direct contact with stimulated T cells 
favors extracellular matrix catabolism by enhancing MMP production while dimin- 
ishing collagen synthesis in fibroblasts and synoviocytes. Interestingly, similar mem- 
brane-associated cytokines were involved in both these processes. 

It appears that the expression of intercellular adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule- 1 (VCAM-1) and E-selectin is increased in the syn- 
ovium of RA patients [140-142]. A similar phenomenon was observed in brain 
microvessels of MS patients [143]. In the latter context, we demonstrated that mem- 
branes of stimulated T lymphocytes induce the expression of ICAM-1, VCAM-1, 
and E-selectin on microvascular endothelial cells from human brain (HB-MVEC) 
[129]. Beside cell adhesion molecules, contact-mediated activation of HB-MVEC 
induced the production of IL-6 and IL-8 (Fig. 2). The cell contact-induced expres- 
sion of cell-adhesion molecules and the production of IL-6 and IL-8 were inhibited 
by TNFa inhibitors, demonstrating that membrane-associated TNFa was largely 
responsible for the activation of endothelial cells [129]. This suggested that both sol- 
uble and membrane-associated TNF can activate microvascular endothelium and 
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Direct cellular contact with stimulated T cells 
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Figure 2 

Effect of direct cellular contact with stimulated T cells on various cell types involved in RA 
The production of IL-1 and TNFa in monocyte- macrophages was inhibited by HDL whereas 
the production of IL-IRa was inhibited only in THP-1 cells , the production of MM Ps and 
PGE 2 in fibroblast-like synoviocytes was inhibited by IL-1 and TNFa inhibitors but not by 
HDL whereas the inhibition of collagen synthesis was reversed by inhibitors of IL-1, TNFa, 
and IFNy. The induction of reactive oxygen species (ROS) in neutrophils (PMN) was inhibit- 
ed by HDL. The induction of cell adhesion molecules (CAMs) and IL-6 and IL-8 in endothe- 
lial cells was inhibited by TNFa inhibitors. (*) indicate that IL-IRa production in THP-1 cells 
was inhibited by HDL (see Fig. 1). 



that these two types of activation might be relevant to RA [144], although other cell 
surface molecules are likely to play a part in the activation of endothelial cells upon 
direct cell-cell contact with stimulated T lymphocytes. These studies demonstrated 
that stimulated T lymphocytes could activate endothelial cells by direct contact, 
implying that this mechanism may be critical for the extravasation of stimulated T 
lymphocytes into the target tissue. Furthermore, the induction of cytokine and 
chemokine production by endothelial cells upon contact with stimulated T lympho- 
cytes might facilitate the invasion of the target tissue by other mononuclear cells 
[129]. Thus, TNFa inhibitors decrease endothelial cell activation and MMP-1 and 
PGE 2 production and reverse the inhibition of collagen synthesis in synoviocytes upon 
direct contact with stimulated T lymphocytes [129-131] as summarized in Figure 2. 
This might explain in part the beneficial effects of TNF blockade in RA [145, 146]. 



176 




Cell-cell contact in chronic inflammation 



At an early stage of inflammation T L could be also present simultaneously with 
PMN in the tissue. PMN produce reactive oxygen radicals, a large variety of pro- 
teolytic enzymes and various cytokines, especially IL-8 and IL-lRa. PMN oxida- 
tive metabolism leads to the production of highly reactive oxygen species and con- 
tributes to the elimination of pathogenic micro-organisms, but it could be harm- 
ful to host tissue at the site of inflammation, by causing membrane lipidic 
peroxidation leading to cell and tissue damage [147]. In previous studies, we 
showed that cellular contact with activated T cells stimulated and primed neu- 
trophil oxygen-dependent respiratory burst [148] and that this activity on PMN 
correlated with that on THP-1 cells, suggesting that similar factors at the surface 
of stimulated T cells were involved in the activation of neutrophils and monocytes 
[68]. We recently confirmed this and demonstrated that purified HDL inhibited T 
cell contact-induced respiratory burst in neutrophils [149]. This strongly suggests 
that analogous molecules at the surface of T cells are involved in the activation of 
both monocytes and neutrophils. However, lipid-free apo A-I, but not HDL, 
proved to inhibit IgG-induced superoxide production by PMN [150], suggesting a 
specific inhibitory activity of HDL directed to contact-mediated activation of 
PMN. Thus, the contact with stimulated T cells may activate several cell types 
involved in RA. While cytokine blockade inhibits most of the activation of syn- 
oviocytes and endothelial cells, HDL inhibits the activation of neutrophils and 
monocytes (Fig. 2). This suggests that contact-mediated activation of neighboring 
cells is a process largely used by T cells to influence the activation status of other 
cells, even though the surface molecules involved in these processes might be dif- 
ferent. 



Conclusions 

To date, direct cell-cell contact with stimulated T L is considered the main pathway 
triggering activation of M<j) in the absence of infectious agents. The potency of this 
mechanism suggests that it is a major pathway by which T lymphocytes exert their 
pathogenic effect in chronic inflammatory diseases of autoimmune etiology. Addi- 
tional investigations are needed to identify the surface molecules - ligands and 
counter-ligands - involved in this process. However, the control of contact-mediat- 
ed signaling of monocytes and neutrophils by HDL-associated apo A-I might repre- 
sent an interesting step towards developing a novel approach for interfering with the 
inflammatory response induced by cell-cell contact and leading to tissue destruction 
in chronic inflammatory diseases. It also extends the concept of inflammation in 
connection with lipid metabolism and other diseases such as arteriosclerosis. Stim- 
ulated T lymphocytes in contact with fibroblasts or synoviocytes are also responsi- 
ble for the decrease in collagen synthesis and may therefore play a part in the lack 
of repair process. 
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Introduction 

The breakdown of cartilage and bone in the arthritides prevents joints from func- 
tioning normally. In severe cases both cartilage and the underlying bone can be 
destroyed. Cartilage contains different types of collagen [1], rod-shaped molecules 
that aggregate in a staggered array to form cross-linked fibers giving connective tis- 
sues strength and rigidity. Trapped between these collagen fibers are the aggrecan 
molecules [2] that consist of three globular domains interspersed with heavily gly- 
cosylated and sulfated polypeptide. In the presence of hyaluronic acid these form 
highly charged aggregates, attract water into the tissue and so allow cartilage to 
resist compression. Chondrocytes in normal adult cartilage maintain a steady state 
where the rate of matrix synthesis equals the rate of degradation. Any change in this 
steady state will affect the functional integrity of the cartilage. During growth and 
development, synthesis of matrix components exceeds the rate of degradation; 
reduction in the rate of matrix synthesis and an increase in the rate of degradation 
occur during matrix resorption [3]. 

The primary cause of cartilage and bone destruction in joint pathology involves 
the elevated levels of active proteinases, secreted from a variety of cells, which 
degrade proteoglycans and collagens. While the sources of these proteinases depend 
on the type of disease, they are regulated by different cytokines and growth factors 
acting on the cells within the joint. In osteoarthritis (OA) the proteinases produced 
by chondrocytes play a major role [4]. In contrast, in a highly inflamed rheumatoid 
joint the proteinases produced by chondrocytes, synovial cells and inflammatory 
cells all contribute to the loss of tissue matrix [5]. This review will describe 
cytokines that are produced by a variety of cells that either minimize matrix pro- 
duction or upregulate different classes of proteinases that are implicated in the 
destruction of joint tissue. 
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Proteolytic pathways of connective tissue breakdown 

Extracellular matrix proteins are broken down by different proteolytic pathways. 
The five main classes of proteinases are classified according to the chemical group 
which participates in the hydrolysis of peptide bonds [6], although a more detailed 
classification system, the MEROPS database [7], is now available. Cysteine, aspar- 
tate, and threonine proteinases are predominantly active at acid pH and act intra- 
cellularly; the serine and metalloproteinases are active at neutral pH, and act extra- 
cellularly. Examples of these enzymes are shown in Figure 1. Some enzymes, such as 
elastase are released when neutrophils are stimulated, while others may not partici- 
pate in the cleavage of matrix proteins but activate proenzymes that degrade the 
matrix. Some proteinases are membrane-bound rather than secreted from the cell. 
These enzymes are known to be associated with cytokine processing, receptor shed- 
ding and the removal of proteins that are associated with cell-cell or cell-matrix 
interactions [8]. Proteinases can also participate in matrix breakdown by cleaving 
inhibitors that, once removed, allow destruction of the matrix by other proteinases. 

All classes of proteinase play a part in the turnover of connective tissues and one 
proteinase pathway may precede another. The pathway that predominates will vary 
with different resorptive situations. The turnover of the extracellular matrix often 
involves a complex interaction between different cell types. For example the osteoid 
layer in bone is removed by osteoblast metalloproteinases prior to the attachment 
of osteoclasts which contain or secrete predominantly cysteine proteinases such as 
cathepsin B and K. These degrade bone matrix after the removal of mineral. A com- 
plex interaction occurs in the rheumatoid joint between T cells, macrophages, syn- 
ovial fibroblasts and chondrocytes. In septic arthritis neutrophils release both serine 
and metalloproteinases that exceed the local concentration of inhibitors, resulting in 
a rapid stripping of the cartilage matrix from the joint cavity. 



Extracellular proteolysis - neutral proteinases 

The metzincin superfamily 

These metalloproteinases are distinguished by a highly conserved motif containing 
three histidines that bind zinc at the catalytic site and a conserved methionine turn 
that lies beneath the active-site zinc [9]. This group is further divided into four 
multigene families: 

- Serralysins (large bacterial enzymes) 

- Astacins (e.g., bone morphogenetic protein-1 or BMP-1) 

- ADAMs (a disintegrin and metalloproteinase)/adamalysins (e.g., TNFa conver- 
tase or ADAM 17) 

- Matrix metalloproteinases (MMPs) [10]. 
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Cathepsin Cathepsin B Proteasome 
Cathepsin K 
Cathepsin L 
Cathepsin S 

Figure 1 

There are five classes of proteinase , three of which act predominantly intracellularly ( aspar- 
tate , cysteine and threonine) and two predominantly extracellular (metallo and serine). 
Examples are shown of enzymes from each class. 



These families are classified according to the sequence around the three conserved 
histidines that binds zinc. The third H is followed by either E, D, P or S, respective- 
ly in the astacins, reprolysins, serralysins and MMPs. The distance between the third 
H and the conserved M turn also differs markedly between the families with the 
MMPs separated by seven residues and the astacins by 44-46 residues. A fifth 
group, the pappalysins, have been proposed [11] where a V follows the third H and 
a large gap is found between these residues and the M turn of 63 amino acids. The 
pappalysins have been shown to cleave IGFBP-4 and -5 [12]. 

Matrix metalloproteinases 

The MMPs constitute a multigene family of over 25 secreted and cell surface 
enzymes that process or degrade numerous substrates [13]. The MMP family, when 
activated and acting together, are best known for their ability to cleave components 
of the extracellular matrix (ECM). They also cleave proteinases, proteinase 



Elastase MMP-1, -8, -13 
Cathepsin G MMP-3, -1 0, -1 1 
Plasmin MMP-2, -9 
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ADAMTS 
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SP Pro Cat Hinge PEX TM Cytoplasmic 




SP Pro Cat Hinge PEX 




Figure 2 

MMPs and ADAMs have a domain structure , with several common domains across the fam- 
ily. All have a zinc binding domain and propeptide that preserves latency. Other domains 
influence the behaviour of the protein; the transmembrane domain anchors the proteinase 
on to the membrane surface while other domains bind to different components of the extra- 
cellular matrix. 



inhibitors, latent growth factors, chemotactic molecules, growth factor binding pro- 
teins, cell surface receptors and cell-cell adhesion molecules [14]. Thus MMPs are 
able to regulate many biological processes and consequently are precisely controlled 
themselves. MMPs all contain common domains (Fig. 2), zinc is present at the cat- 
alytic centre and all are produced in a proenzyme form which is activated by the loss 
of a propeptide. Some MMPs (e.g., MT-MMPs) have a short peptide insert between 
the propeptide and the N-terminal domain. This sequence is recognized by furin 
[15], a serine proteinase located in the Golgi, and such MMPs are therefore secret- 
ed in an active form. Two of the MMPs (collagenase-2/MMP-8 and gelatinase 
B/MMP-9) are found stored within the specific granules of the neutrophil while 
most other MMPs are produced by different connective tissue cells after stimulation 
by cytokines [16]. Traditionally, MMPs have been grouped according to their sub- 
strates but with the increasing numbers they are often now grouped according to 
their domain structure [17]. Most MMPs resemble MMP-1 (collagenase-1); MMP- 
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2 (gelatinase A) and MMP-9 have fibronectin-like inserts, while MMP-21 has a vit- 
ronectin-like domain insert. MMP-17 and MMP-25 both have a cytoplasmic GPI 
anchor, MMP-23 has a C-terminal immunoglobulin-like domain but neither MMP- 
7 (matrilysin) nor MMP-26 has a haemopexin domain [10]. The domain structure 
of the MMPs and ADAMs are shown in Figure 2. 

MMPs are divided into at least five groups: 

- Stromelysins 

- Collagenases 

- Gelatinases 

- Membrane-type MMPs (MT-MMPs) 

- GPI anchored enzymes [13, 16, 17] 

The stromelysins have broad substrate specificity. The natural substrates of these 
enzymes are probably proteoglycans, fibronectin and laminin. MMP-3 (stromelysin- 
1) is not normally widely expressed but can be readily induced by growth factors 
and cytokines such as interleukin (IL)-l and tumour necrosis factor (TNF)a. The 
stromelysins have similar substrate specificity [18] but the expression pattern of 
these enzymes is often distinct. 

There are three mammalian collagenases: MMP-1, MMP-8 and MMP-13 (colla- 
genase-3). These enzymes cleave fibrillar collagens at a single site, producing three- 
quarter- and one-quarter-sized fragments. MMP-2 and MT-1MMP (MMP-14) can 
also cleave at this site [19, 20]. The enzymes differ in their specificity for different 
collagens; collagenase-3 has much broader substrate specificity than the other col- 
lagenases [21]. Both MMP-1 and MMP-13 are synthesized by macrophages, fibrob- 
lasts and chondrocytes when these cells are stimulated with inflammatory media- 
tors. MMP-8 is predominantly released from neutrophils upon stimulation of the 
cell but this MMP can also be produced by chondrocytes and all three collagenases 
are present in diseased cartilage [22]. MMP-13 is often controlled in a different way 
to collagenase-1; retinoic acid, which downregulates MMP-1, is known to upregu- 
late MMP-13 in some species [23]. 

The two gelatinases cleave denatured collagens, type IV and V collagen and 
elastin. MMP-2 is the most widespread of all the MMPs; MMP-9 is expressed in a 
wide variety of transformed and tumor-derived cells [24]. These gelatinases are 
involved in the degradation of basement membranes and in angiogenesis. 

There is an increase in levels of different MMPs in rheumatoid synovial fluid, in 
conditioned culture media from rheumatoid synovial tissues and cells, in synovial 
tissue at the cartilage-pannus junction from rheumatoid joints, in osteoarthritic car- 
tilage and in animal models of arthritis [16, 22, 24, 25]. These proteinases are impli- 
cated in the pathological destruction of joint tissue and are involved in the normal 
turnover of connective tissue matrix that takes place during growth and develop- 
ment. In osteoarthritis, both the rate of matrix synthesis and breakdown are 
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Figure 3 

The control of the matrix metal loproteinases occurs at different levels. Different cytokines 
and growth factors can upregulate or downregulate the transcription of MMPs and/or 
TIMPs. Protein is sorted through the trans-Golgi network and arrives at the cell surface in a 
latent form unless it has a furin recognition site in which case it is activated within the secre- 
tory vesicle. Activation has to occur before the substrate can be digested and this will only 
occur if the level of active enzyme exceeds the local levels of TIMPs 



increased. This leads to the formation of excess matrix in some regions (osteo- 
phytes) with focal loss of matrix in other areas. 

The MMPs need careful control and this occurs at a number of critical steps (see 
Fig. 3) that include: synthesis and secretion, activation of the proenzymes, inhibition 
of the active enzymes and localisation and clearance of MMPs. In addition, the 
response of cells is modified by cell-cell and cell-matrix interactions. 



Synthesis and secretion 

IL-1, TNFa and IL-17 stimulate numerous cell types to produce proteinases with 
proinflammatory and degradative effects. The synthesis and secretion of MMP-1 
and MMP-3 and other MMPs are stimulated by IL-1 and TNFa [26]. Within the 
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arthritic joint there are large numbers of different cell types that produce specific 
cytokines and growth factors. Synovial fluids from RA patients have been shown to 
contain a variety of inflammatory mediators [27, 28]. These often differ in their 
action on individual cell types and many cytokines can synergise to increase the 
response of the cells. It is therefore difficult to predict the outcome of blocking the 
action of individual cytokines to prevent cartilage destruction. The blocking of 
TNFa action in patients with RA successfully reduces inflammation and joint 
destruction, although some studies suggest that blocking additional cytokines such 
as IL-1 or IL-17 is likely to confer additional benefit [29]. This combinational anti- 
cytokine approach is further supported by observations of synergy between cytokine 
combinations and the profound catabolic effects they have on cartilage [30-36]. 



Activation of the proenzymes 

Activation of MMPs, which are produced in a proenzyme form, is an important and 
understudied control point in connective tissue breakdown [37, 38]. The propeptide 
is removed proteolytically; this allows the enzyme to hydrolyze peptide bonds and 
activation is likely to be achieved in a tightly controlled environment close to the cell 
surface. Active MMP-3 activates procollagenases and other MMPs [39]. Some 
MMPs (MT-MMPs and MMP-11, -17, -21, -23, -25 and -28) have a furin recogni- 
tion sequence between the propeptide and the catalytic domain and these enzymes 
are often activated as they traverse the Golgi arriving at the cell surface in an active 
form. Recent data implicate MT1-MMP as an important initiator of MMP activa- 
tion cascades at the cell surface [40, 41]. Plasmin and possibly other serine pro- 
teinases activate some MMPs, and cartilage explant cultures treated with cytokines 
and an inhibitor of furin have reduced levels of collagenases and low collagen 
release [41]. 



Inhibition of the active enzymes 

All active MMPs are inhibited by tissue inhibitors of metalloproteinases (TIMPs) 
[16, 42, 43], stable proteins that bind tightly to active MMPs in a 1:1 ratio. These 
TIMPs play an important role in controlling connective tissue breakdown by block- 
ing the action of the activated MMPs (see Fig. 3). If TIMP levels exceed those of 
active enzyme then connective tissue turnover is prevented. TIMP-3 is bound by the 
extracellular matrix after secretion and also inhibits some members of the ADAM 
family (see below). TIMP-4 is predominantly localized in heart tissue but can be 
produced by joint tissues [44]. TIMP-1 and -3 are upregulated by growth factors 
such as transforming growth factor (TGF)(3, insulin-like growth factor (IGF)-l and 
oncostatin M (OSM), and these agents also induce matrix synthesis [45]. The 
mechanisms that control the extracellular activity of the MMPs are illustrated in 
Figure 3. 
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Localization and clearance 

Much of the proteolysis that occurs takes place in the immediate vicinity of the cell 
in pericellular pockets close to the cell membrane. MMPs can be secreted to specif- 
ic areas at the cell surface [46]. This allows a high degree of control and these local- 
isation mechanisms can enhance MMP activity, limit the access of MMP inhibitors, 
concentrate MMPs to their precise target substrate and limit the extent of proteol- 
ysis to a discrete region. Although the MMPs with transmembrane domains are the 
most important cell surface enzymes, some MMPs can bind to cell surface recep- 
tors, to cell surface activating enzymes such as urokinase-type plasminogen activa- 
tor (uPA) and thrombin, or to pericellular matrix proteins. For example, MMP-7 
binds to cell surface and ECM heparan sulphate molecules and this can increase the 
stability and activity of MMP-7 [47]. These cell surface heparan sulphate molecules 
can also bind other MMPs and also TIMP-3. MMP-1 can bind to cell surface 
EMMPRIN [48]. MMPs can also be regulated by means of their own proteolysis 
which renders them inactive. For example, MMP-1 when cleaved in the hinge 
region can no longer cleave collagen [49]. After binding to a2-macroglobulin many 
MMPs are rapidly cleared via endocytosis and degradation within the lysosomal 
system. 

Many MMPs and members of the matrixin family are involved in the activation 
and or release of cytokines and growth factors from the ECM [50, 51]. These 
released factors have a myriad of effects on cellular proliferation and behaviour. For 
example, mice deficient in MT-1MMP [52] or ADAM-17 [53] both show gross 
abnormalities in tissue development and growth demonstrating that these cell sur- 
face enzymes have important functions. 



ADAM family of proteinases 

This family, closely related to MMPs, are also implicated in cartilage biology and in 
the turnover of the matrix particularly in relation to proteoglycan turnover. ADAMs 
are usually membrane anchored proteinases with diverse functions conferred by the 
addition of different protein domains [8, 54] (Fig. 2). Members are associated with 
sperm-egg fusion and the sheddases that mediate the release of cell surface proteins. 
ADAM-17 is known for its ability to release TNFa from the cell surface [55]. To 
date, 29 ADAM genes and 18 AD AMTS (a disintegrin and metalloproteinase with 
thrombospondin motifs) genes have been described. The disintegrin domain can 
bind to integrins and prevent cell-cell interactions; cysteine-rich, epidermal growth 
factor-like, transmembrane and cytoplasmic tail domains are also found (Fig. 2). 
The AD AMTS family members are distinguished from the ADAMs in that they lack 
these latter three domains but have additional thrombospondin- 1 (TSP-1) domains 
(which can number up to 13), predominantly at the C-terminus which are thought 
to mediate interactions with the ECM [56]. 
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Analysis of the major aggrecan fragments from resorbing cartilage revealed that 
cleavage at a specific glutamyl residue, within the interglobular domain of the aggre- 
cean monomer, had occurred [57]. The proteinase responsible for this was termed 
‘aggrecanase’, and two enzymes that belong to the AD AMTS family, ADAMTS-4 
and -5 [58-60], have subsequently been described that are thought to be the patho- 
physiological mediators of aggrecean catabolism (reviewed in [3, 59]). ADAMTS-4 
and -5 [59, 60] can both cleave cartilage proteoglycan, and these enzymes may be 
associated with the cell surface as some studies suggest that chondrocyte membrane 
factors cleave aggrecan; it is not clear if an AD AMTS family member is attached 
tightly via thrombospondin domains or a separate enzyme is present [60]. Other 
ADAMs have also been described in cartilage including ADAM-10, -12 and -15 in 
addition to ADAM- 17 [62]. Interestingly, many of the ADAMs family are inhibited 
by TIMP-3 [63]. 

Proteoglycan release from cartilage occurs following stimulation with a variety 
of mediators such as IL-1, TNFa, IL-17, retinoic acid and fibronectin fragments 
[64-66]. Some members of the ADAMs family (e.g., ADAMTS-1) are upregulated 
by IL-1, and the correct arrangement of these enzymes on the cell surface may be 
important to allow substrate cleavage to occur. Levels of ADAMTS-4 are upregu- 
lated in cartilage in response to IL-1 and TNFa, and in synovial fibroblasts in 
response to TGF(3 [59, 67], while ADAMTS-5 appears to be unaffected. In an 
immortalised chondrocyte line, ADAMTS-1, -4 and -5 were all regulated by a mix- 
ture of IL-1 and OSM although the speed of response differed between these 
enzymes [68]. Aggrecanase activity can be blocked by specific synthetic inhibitors 
[69] and also by TIMP-3 [63]. 

Despite the identification of ADAMTS-4 and -5 as aggrecanases, considerable 
debate still exists as to the proteinases involved in aggrecan catabolism. There are 
at least five known aggrecanase cleavage sites in aggrecan, and proteolysis at these 
sites leads to cartilage destruction while MMP cleavages have been proposed to be 
essentially non-destructive since the products are retained in the tissue [70]. In 
experimental arthritis, MMP-generated degradation products correlate with severe 
cartilage damage (i.e., late stage disease) while aggrecanase-mediated products were 
evident early [71]. These differences in the temporal contribution of MMPs and 
aggrecanases to aggrecan catabolism have been further supported in a study that 
suggests that there may also be spatial differences for the site of action of these two 
enzyme families [72]. The mechanism of aggrecan release from cartilage may vary 
between different cartilages for a given stimulus, and that, for a given time, differ- 
ent factors may elicit aggrecan release via different pathways [73]. For example, it 
has been proposed that two independent, but concurrent, mechanisms promote IL- 
l|3-induced aggrecan release [74]. 

Although it is clear that a variety of cytokine stimuli induce aggrecanase activi- 
ty, it is still less clear as to whether this induction of proteolytic activity is due to 
gene transcription. Some studies have found evidence of cytokine regulation of 
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ADAMTS-4 [68, 75] and ADAMTS-5 [76], although most studies suggest that 
ADAMTS-5 is not inducible [75, 77, 78]. The ADAMTS-4 promoter appears to 
contain silencer elements that repress transcriptional activity in chondrocytes [79]. 
Indeed, induction of ADAMTS-4 by IL-1 has been proposed to be through the acti- 
vation of constitutively active protein [80], and this activation may be MMP-medi- 
ated [81]. A role for neprilysin-induced aggrecanase activity via the generation of 
regulatory peptides has also been proposed [82]. 

There is increasing evidence that several of the ADAM/ADAMTS genes give rise 
to multiple mRNA transcripts. Many of these mRNA isoforms result from alterna- 
tive splicing of the primary RNA transcript. In most of the cases analysed, the short- 
er alternative transcripts encode C-terminally truncated forms of the proteins. In the 
case of ADAM proteins, this may produce a soluble, secreted form of the enzyme 
(e.g., ADAM-9 [83-85]) or produce enzymes with variable cytoplasmic domains 
(e.g., ADAM-22 or MDC2 [86]). For AD AMTS proteins, C-terminal truncation 
removes some or all of the TSP-1 type repeats (e.g., ADAMTS-7 and -9 [87], 
ADAMTS-13 [88]). This may alter the ability of the enzymes to bind to the ECM 
or to potential cofactors. In addition to alternative splicing, some multiple tran- 
scripts arise from the use of alternative transcription start sites or alternative 
polyadenylation signals, leading to transcripts with variable 5’ and 3’ untranslated 
regions (e.g., ADAMTS-2 [89], ADAMTS-14 [90]). Changes in the untranslated 
regions of mRNA may play a role in control of translation, or in the subcellular 
localisation or stability of the message. It seems likely that the ability to produce 
multiple messages from ADAM/ADAMTS genes allows the cell to fine tune levels of 
expression and localisation of these enzymes in response to specific stimuli. In sup- 
port of this, some studies have demonstrated differential expression of particular 
splice variants. For example, in ADAM-22, the epsilon variant is expressed in nor- 
mal human brain tissue, whereas the gamma variant is the major transcript in 
gliomas [86]. Similarly, both the long and short forms of ADAM- 12 are expressed 
in the human placenta and some tumour cell lines, whereas only the long variant is 
detectable in normal human adult skeletal, cardiac and smooth muscle. 



Serine proteinases 

The plasminogen-dependent pathway is implicated in a wide variety of situations 
where connective tissue matrix is remodeled. Both tissue- and urokinase -type plas- 
minogen activators (tPA and uPA) are found in cartilage and cleave plasminogen to 
plasmin. Inhibitors can bind and inactivate the released enzymes. Many in vitro 
experiments with tissue or cells point to a role for the plasminogen-plasmin system 
in the activation of pro-MMPs in some situations of matrix turnover [91]. It is pos- 
sible that chondrocytes synthesize and secrete other serine proteinases but no 
enzymes have yet been purified and characterized from cartilage tissue. Plasminogen 



198 




The role of proteinases in joint tissue destruction 



activators are involved in cartilage degradation since proinflammatory agents that 
stimulate cartilage resorption such as IL-1, TNFa and retinoic acid reduce plas- 
minogen activator inhibitor-1 (PAI-1) levels while protective factors such as TGF(3 
and latent derived growth factor (PDGF) increase PAI-1 [92]. 

Other serine proteinase activities have been implicated in arthritis. IL-1 and 
TNFa-induced proteoglycan release can be potently blocked with an inactivator of 
uPA [93], and granzyme B can initiate proteoglycan degradation (but not collagen); 
granzyme B-positive cells can be detected in synovium and at the invasive front in 
RA [94]. Inclusion of al proteinase inhibitor to cartilage stimulated to resorb effec- 
tively blocks the release of collagen implicating serine proteinase(s) in the activation 
cascades of proinflammatory cytokine-induced proMMPs [38]. Several metallopro- 
teinases have furin recognition motifs in their prodomains, thus enabling the secre- 
tion of active proteinases, and recent studies have shown that blocking furin can 
prevent the release of collagen from resorbing cartilage [41]. Furin and plasmin have 
both been specifically implicated in the activation of latent TGF(3 [95, 96]. 

RA is considered to be an autoimmune disorder, and complement activation 
occurs adjacent to the articular surface where abundant co-deposits of immunoglob- 
ulins and activated complement components such as Cls are present. This serine 
proteinase contributes to disease pathogenesis via its collagenolytic activity [97] as 
well as its ability to degrade IGF binding protein (IGFBP)-5 and hence reduce the 
levels of available IGF-1 [98]. Similar activities have been attributed to various 
MMPs [51, 99]. 

The current paradigm on RA pathogenesis involves a T cell-mediated process in 
the initiation of synovial inflammation, although such a mechanism may not be nec- 
essary to sustain chronic inflammation [100]. Activation of the coagulation cascade 
may represent an important pathway that amplifies and perpetuates synovitis. Tis- 
sue factor is the primary initiator of extravascular coagulation [101] which involves 
the sequential activities of the serine proteinases factor Vila, factor Xa and throm- 
bin. Increased expression of both tissue factor and thrombin within synovium, com- 
bined with reduced levels of coagulation factors and elevated thrombin activity in 
RA synovium fluids, support ongoing coagulation within the rheumatoid joint [102, 
103]. Thrombin converts fibrinogen into fibrin, and abundant fibrin deposits with- 
in arthritic joints are a notable pathological feature in RA. Thrombin inhibition sig- 
nificantly reduces synovitis, fibrin deposition and synovial expression of IL-1 (3 and 
IL-12 in experimental arthritis models [104, 105]. Synovial expression of RANTES 
has been shown to be thrombin-induced through protease-activated receptor (PAR)- 
1, implicating thrombin in RANTES-mediated migration of inflammatory cells to 
the synovium in RA [106]. An essential role for PAR-2 has been demonstrated in 
mediating chronic inflammation since PAR-2-deficient mice were resistant to adju- 
vant arthritis with almost no evidence of tissue damage [107]. 

While the involvement of proinflammatory cytokines in RA is well established 
their role in OA is less clear. Some studies have suggested that low levels of both IL- 
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1 and TNFa have a role in driving joint destruction in OA [108]. These cytokines 
have a marked effect on matrix synthesis at low concentrations, and in OA synovi- 
um it is reported that there are low levels of IL-1 receptor antagonist (IL-1RA) and 
increased expression of IL-1 receptors. Chondrocytes from OA cartilage produce 
raised levels of the p 55 TNFa receptor making OA cartilage more sensitive to TNFa 
stimulation. Raised levels of ADAM- 17 mRNA are also reported in OA cartilage 
compared to normal. In the experimental dog and rabbit models of OA, intra-artic- 
ular injections of IL-1RA gene can slow the progression of structural changes [108]. 



Neutrophil-dependent pathways 

Large numbers of polymorphonuclear leukocytes are often found in the rheumatoid 
joint that contains both serine proteinases (elastase and cathepsin G) and MMPs 
(MMP-8 and -9). Release from the cell is stimulated by a variety of stimuli. Neu- 
trophil proteinases have been localized in cartilage [109], and enzymes released into 
the synovial fluid cannot avoid the excess inhibitors present such as a2-macroglob- 
ulin (which inhibits all classes of proteinases), a 1 -antiproteinase inhibitor, TIMP-1 
and TIMP-2, and so it is unlikely that damage to the cartilage occurs from the joint 
space. However, in septic arthritis the normal inhibitory capacity of the synovial 
fluid is exceeded and neutrophil proteinases rapidly degrade cartilage from the fluid 
phase [16]. 

Although it is clear that neutrophils do play an important role in animal models 
some studies have shown that matrix degradation does not correlate with neutrophil 
granule release. Animals in which elastase and cathepsin G is absent or depleted can 
still show severe cartilage loss [110]. However, when neutrophils abut cartilage or 
adhere to the cartilage surface or where the inhibitory capacity of body fluids is 
exceeded, then neutrophil proteinases will contribute to matrix degradation. 



Intracellular pathways - acid proteinases 

Cysteine proteinases 

An involvement of lysosomal cysteine proteinases [111] in matrix resorption was 
first suggested due to their ability to degrade type I collagen at acidic pH [112, 113]. 
Subsequently, direct evidence of a role was demonstrated when cysteine proteinase 
inhibitors prevented the resorption of bone explants [114, 115]. Cathepsin D (an 
aspartate proteinase), and cathepsin B (cysteine proteinase) are raised in OA tissue 
and raised levels of cathepsins B, L and H (cysteine proteinases) are found in anti- 
gen-induced rat arthritis models and within the rheumatoid joint. Aggrecan is sus- 
ceptible to cathepsins B and L in vitro [11 6]. 
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Incubation of resorbing cartilage with specific cathepsin B inhibitors that pene- 
trate the cell blocked the release of proteoglycan fragments [117] suggesting the 
involvement of an intracellular route for cartilage proteoglycan breakdown. Everts 
[118] proposed that collagen resorption was via an intracellular route since sub- 
stantial amounts of fibrillar collagen accumulate intracellularly in tissue culture 
studies in the presence of cysteine proteinase inhibitors [119]. Cathepsin B has been 
most strongly associated with an intracellular role, especially in the degradation of 
soft tissues [120] but also in bone resorption, although this has been suggested to be 
via the activation of other proteinases [121] such as pro-urokinase [122, 123]. The 
identification of cathepsin K [124, 125] has been a major advancement in our 
understanding of bone catabolism, although cathepsins B, L, N, S and K are all 
capable of collagen degradation [126, 127]. A specialised role for cathepsin K in 
bone resorption (see below) was proposed based on its selective expression in osteo- 
clasts compared to cathepsins B, L or S [128] and anti-sense studies [129]. There is 
also evidence that it is involved in cartilage degradation [130, 131] where it can be 
localised to sites of cartilage erosion. Evidence also suggests that cathepsin K has 
potent aggrecan-degrading activity and that the resulting degradation products 
specifically potentiate the collagenolytic activity of cathepsin K toward types I and 
II collagen [132]. 

Cathepsin S has been linked to major histocompatibility complex II antigen pre- 
sentation [133], which may have significance in auto-immune diseases such as RA. 
Moreover, given the potent ECM degrading activity of cathepsin S, and stability at 
neutral pH, this proteinase may also contribute to cartilage destruction. Both 
cathepsins K and S are expressed in RA and OA synovia [131]. 

Both IL-ip and TNFa increase cathepsin K and B expression in synovial fibrob- 
lasts, but not cathepsin L or S [132, 134]. Interferon (IFN)a elevates both cathepsin 
B and L, while PDGF and basic fibroblast growth factor (bFGF) induce cathepsin B 
and L, respectively [134]. IGF-II, but not IGF-I, appears to compete for the man- 
nose-6-phosphate receptor which targets newly synthesised proteinases to the lyso- 
some. Dysregulation of this system could therefore result in the secretion of pro- 
cathepsin enzymes that would be stable at neutral pH [135]. Other studies have co- 
localised IL-ip and TNFa expression in subchondral bone with cathepsins B, K and 
L [136]. Cathepsin K expression is downregulated by IFNa [137] which is also 
involved in the synergistic prevention of osteoclastic bone resorption by IL-12/IL-18 
(see below) [138]. During fracture repair, both cathepsin K and MMP-9 are pre- 
dominantly expressed in osteoclasts at the osteochondral junction, while cathepsins 
B, H, L and S are mainly associated with chondrocyte hypertrophy [139]. 

A role for the inactivation of TIMPs by cathepsin B has been suggested in neo- 
vasularization of tissues [140]. Angiogenesis is a characteristic feature of many joint 
pathologies, and such observations have marked implications for disease pathogen- 
esis whereby new blood vessel formation and/or increased MMP activity could be a 
direct consequence of extracellular cathepsin B activity. 
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Calpain (calcium-dependent neutral cysteine proteinase) was originally consid- 
ered to be an intracellular proteinase, but has now been shown to also act extracel- 
lularly. This externalization may have catalytic relevance since it is unlikely that the 
specific inhibitor of calpain, calpastatin [141], could penetrate cell membranes. Pro- 
teoglycan is a substrate for calpain [142], which could then be replaced by a miner- 
alized matrix [143]. Indeed, the presence of calpain correlates with arthritis and tis- 
sue destruction [144] although proinflammatory cytokines have been shown to 
downregulate both calpain and calpastatin in OA and RA fibroblasts [145]. This 
may also explain why the presence of calpain did not correlate with IL-1 -induced 
proteoglycan release in vitro [146]. 

Cysteine and serine proteinases have been convincingly linked with the regula- 
tion of cytokine production during inflammation. Specifically dipeptidyl peptidase I 
(DPPI, a lysosomal cysteine proteinase) has been shown to activate the polymor- 
phonuclear neutrophil-derived serine proteinases, cathepsin G and neutrophil elas- 
tase. Mice deficient in DPPI were protected against arthritis development, and these 
defects were also associated with a decrease in the local production of both TNFa 
and IL-1 (3 [147]. 



Threonine proteinases 

Threonine proteinases represent a relatively new class of proteinases, so termed due 
to the presence of a threonine residue at the catalytic site [148]. The proteasome is 
a ubiquitously expressed, essential intracellular protease complex belonging to this 
new proteinase class. It performs many intracellular roles including the degradation 
of phosphorylated and ubiquitinylated inhibitor of kappa B (IkB). This phosphory- 
lation is a consequence of proinflammatory cytokines such as IL-1, IL-1 7 and TNFa 
which utilize nuclear factor kappa B (NF-kB) as a signal transducing molecule. Pro- 
teasomal degradation of IkB allows NF-kB to become transcriptionally active lead- 
ing to the upregulation of a variety of matrix-degrading proteinases. Inhibition of 
the proteasome blocks the matrix degrading potential of chondrocytes [149]. 

Some workers suggest [118] that intracellular pathways predominate in the nor- 
mal turnover of the extracellular matrix while the extracellular routes are only used 
in pathologic conditions. A close apposition of intra- and extra-cellular pathways 
will be found in many conditions where there is connective tissue turnover. 



Osteoclastic bone resorption 

In RA bone is also destroyed [150], and both the MMPs and cysteine proteinases 
are involved [151]. Osteoblasts respond to parathyroid hormone (PTH) and other 
agents that induce bone resorption, such as IL-1 and TNFa, by increasing the secre- 
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tion of MMPs to remove the osteoid layer on the bone surface. Osteoclast precur- 
sors then adhere to the exposed bone surface, differentiate and form a low pH 
microenvironment beneath their lower surface. This removes mineral, and lysoso- 
mal proteinases then resorb the exposed matrix. Cathepsin B and L cleave collagen 
types II, IX and XI and destroy cross-linked collagen matrix at low pH [151] and 
were thought to be responsible. However, cathepsin K, a cysteine proteinase pro- 
duced by osteoclasts, also cleaves type I collagen at the N-terminal end of the triple 
helix at pH values as high as pH 6.5 [152]. This enzyme plays a key role in the 
degradation of bone collagen and its expression correlates with bone resorption 
[153]. Cathepsin K is also produced by synovial fibroblasts and is thought to con- 
tribute to synovium-initiated bone destruction in the rheumatoid joint [153] and 
bone resorption is impaired in situations where cathepsin K is deficient. Interesting- 
ly, the defects in bone resorption in tartrate-resistant acid phosphatase (TRAP) mice 
were not due to reduced cathepsin K levels but rather due to defective intracellular 
transport [154]. 

There is clear evidence for a central role for receptor activator of NF-kB ligand 
(RANKL) in the bone destruction seen in RA. This member of the TNF ligand fam- 
ily of cytokines is abundantly produced by T cells and synovial fibroblasts in RA 
synovial membrane, and its action is to stimulate osteoclast formation. It is upreg- 
ulated by a variety of cytokines that include IL-1, TNFa, IL-11, OSM, PTH-related 
peptide and IL-1 7. It binds to a specific receptor, RANK, on the surface of osteo- 
clast precursors. The potent activity of IL-1 7 in osteoclastogenesis is mediated by 
the upregulation of RANKL and its action is antagonized by osteoprotegerin (OPG). 
This molecule is effective at blocking bone resorption in rat adjuvant arthritis and 
arthritis of TNFa transgenic mice [155]. It protects against the development of bone 
and cartilage destruction. RANKL has been shown to increase cathepsin K expres- 
sion in osteoclasts [156] and is a potent mediator of osteoclastogenesis [157]. Acti- 
vated human T cells can directly induce osteoclastogenesis from monocytes [158], 
suggesting that T cell-derived cytokines may initiate and/or exacerbate this effect. 
Indeed, the T cell-specific proinflammatory cytokine IL-1 7 is elevated in RA [158], 
found in the early stages of the disease [159] can promote osteoclastogenesis [158] 
and bone and cartilage destruction [35, 160]. 



Models of joint destruction and cytokine synergies 

Animal models have been used to great effect to discover the roles of different 
cytokines in joint disease. The major effect of TNFa occurs in the inflammatory 
phase of the disease in causing the early joint swelling but on its own it is not arthri- 
togenic or destructive; these effects are predominantly mediated by IL-1 [161]. 
Thus, TNFa over-expressing mice develop chronic erosive disease and this effect can 
be reproduced in mice with local over-expression of this cytokine within the joint 
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[162, 163]. However this joint inflammation was completely arrested in TNFa 
transgenic mice when treated with antibodies against IL-1 receptor [164]. TNFa 
independent IL-1 production is also found in some animal models [165], and IL-1 
is more potent than TNFa in inducing cartilage destruction with much lower levels 
being effective. A total lack of erosive disease is found in IL-1 -deficient mice [166]. 
The incidence and severity of collagen induced arthritis was less in TNF receptor 
knockout mice, but once the joints were affected then full progression to erosive 
damage was seen in a TNFa-independent mechanism [167]. Local expression of IL- 
1RA reduced the incidence of arthritis and severity as well as tissue destruction. This 
is in contrast to therapy with TNFa soluble receptors which blocked early inflam- 
matory episodes but had no effect in advanced arthritis [168]. Thus, many models 
point to a crucial role for IL-1 in late-stage erosive joint destruction. IL-1 a acts in 
the acute phase of the disease while IL-1 (3 is the crucial cytokine in advanced disease 
stages as chronic erosive disease is absent in IL-1 (3-deficient mice [169]. The impor- 
tance of IL-1 in arthritis was demonstrated by studies of the IL-1RA knockout 
mouse where a spontaneous arthritis develops [170]. In TNFa-deficient mice a full- 
blown arthritis can still develop. IL-1 is crucial to activate chondrocytes and initiate 
matrix destruction [171, 172]. The relative contributions of IL-1 and TNFa to joint 
destruction in different animal models have been reviewed [165]. 

The relationship between the induction of an acute arthritis and the development 
of the chronic destructive phase was highlighted by studies showing that the local 
over expression of IL-1 2 effected this transformation, and that the resulting arthri- 
tis was also more susceptible to flares [173]. 

IL-1 8 is present in 80% of RA patient synovia and is strongly associated with 
the expression of IL-1 (3 and TNFa. These data suggest that IL-1 8 is a primary proin- 
flammatory cytokine that drives the local expression of IL-1 and TNFa [174]. IL- 
18 (part of the IL-1 family) is a cytokine that with IL-12 can induce IL-1 and TNFa 
and so promotes the development of joint lesions. When IL-1 8 was neutralised in 
mice with collagen induced arthritis the clinical severity was significantly reduced 
with decreased cartilage breakdown and a reduction in circulating cartilage 
oligomeric protein (COMP) levels. Treatment was associated with a slowing of dis- 
ease progression. Neutralisation of IL-1 8 significantly reduced TNFa, IL-6 and 
IFNy secretion by macrophages [175]. 

IL-17 has joint destruction potential that is independent of IL-1 [176]. Over- 
expression of IL-17 accelerated the onset and aggravated synovial inflammation and 
markedly increased joint destruction; blocking of IL-17 in the collagen induced 
arthritis model resulted in the suppression of arthritis [177]. Osteoclastic bone 
resorption is stimulated by IL-1 as well as a combination of TNFa and IL-17. 

The role of TGF|3 is not always clear. Treatment of murine experimental arthri- 
tis with soluble TGF(3 receptor II almost completely prevents osteophyte formation 
while enhancing articular cartilage proteoglycan loss with reduced thickness of the 
articular cartilage surface [178]. These results suggest that TGF|3 is crucial in the 
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formation of osteophytes and plays an important part in protecting cartilage from 
destruction. Osteophyte induction by TGF|3 may hamper its use to induce repair 
within the joint unless it can be specifically targeted to sites within existing cartilage 
lesions. BMP-2 is only capable of enhancing chondrocyte proteoglycan synthesis in 
the absence of IL-1 and so its role would appear to be limited [179]. These studies 
are supported by in vitro studies that show cartilage is protected from IL-1 induced 
resorption by TGF|3 [180]. The main cartilage anabolic factor IGF-1 is very effec- 
tive in promoting matrix synthesis but has little contribution to make in OA dis- 
eased tissue since arthritic chondrocytes do not respond to IGF-1 [181]. Anti- 
inflammatory therapy with IL-4 and IL-10 has been effective. Anti IL-4 treatment 
provides impressive protection against cartilage and bone erosion. These studies 
showed that the proliferation of synovial cells was not blocked while joint tissue 
destruction was inhibited indicating that these two pathways are not directly linked 
[182]. Treatment with high local doses of IL-10 reduced swelling in the treated joint 
with some effects in the surrounding joints [183]. The effects of IL-4 in vivo mirror 
those of IL-13 found in vitro [184] while IL-10 does not block IL-l-induced carti- 
lage resorption in in vitro studies [183]. 

In vitro , IL-1 and TNFa can initiate cartilage collagen resorption alone, but 
when these cytokines are combined with OSM a rapid and reproducible release of 
collagen is found in bovine and porcine cartilage [185]. Synthetic inhibitors of 
MMPs, as well as TIMP-1 and TIMP-2, are able to prevent the release of collagen 
fragments from cartilage [69]. This firmly implicates the collagenolytic MMPs in 
this process and it is known that collagenase-1, -2 and -3 are made by chondrocytes. 
A novel model for studying the mechanisms of joint destruction in vivo was devel- 
oped by implanting RA synovial fibroblasts with normal articular cartilage under 
the renal capsule of SCID mice. The aggressive phenotype of RA synovial fibroblasts 
was maintained; they invaded cartilage expressing degradative enzymes while OA 
synovium did not invade [186]. This model emphasizes the role that synovial fibrob- 
lasts play in destroying both bone and cartilage in RA [187], and methods have also 
been developed where synovium and cartilage are co-cultured in vitro . 



Effects on matrix synthesis and repair 

Within arthritic tissues there are areas of cartilage where synthesis of new matrix 
takes place and areas where net loss of the extracellular matrix occurs. Polypeptide 
growth factors have a direct effect on chondrocytes [188] and it is apparent that 
these factors play a major role in the regulation of normal matrix synthesis and in 
the processes that protect cartilage in disease. The effect of any particular growth 
factor will depend on the state of differentiation of the cell and on the type of cells 
within the tissues and local factors. These factors can affect cellular proliferation, 
migration or differentiation and the control of individual genes (Fig. 3). 
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TGF-|3 and IGF-1 have profound effects on the synthesis of matrix components 
by chondrocytes. Details of these growth factors and their role in the joint have been 
reviewed [179]. TGF(3 can downregulate the production of matrix-degrading pro- 
teinases and upregulate proteinase inhibitors such as TIMP-1 or PAI-1, suggesting 
that it may prevent cartilage destruction by both stimulating synthesis and blocking 
breakdown pathways. This growth factor is locally synthesised by chondrocytes, 
affects protein synthesis by chondrocytes, and has been found to potentiate the stim- 
ulation of DNA synthesis achieved with other growth factors, rather that initiating 
this itself [187]. IGF-1 mimics many of the actions of TGF(3 and has a significant 
effect on matrix synthesis. Within the cartilage, TGFp and IGF-1 are stored in con- 
siderable quantity bound to different matrix components. Thus the source of these 
growth factors will vary. They can be produced by cells outside the cartilage and dif- 
fuse in; they can be produced locally by the chondrocytes or released from the 
matrix as it is degraded. The control mechanisms are complex and growth factors 
also exist in a latent form and other proteins may be present, such as IGFBPs, which 
sequester the factors and prevent them from binding to cellular receptors. 

These growth factors are recognized as protective to cartilage, stimulating matrix 
synthesis and blocking the effects of the proinflammatory cytokines. Their use in 
cartilage repair and the problems associated with their use in vivo have been 
reviewed [189]. 
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Introduction 

“Life manifests in duality” is a philosophical tenet in many cultures. This idea is 
embodied clearly by the Asian concept of yin and yang, in which the complemen- 
tary forces of dark (yin) and light (yang) govern all aspects of life. Yin and yang con- 
vey the interdependence of opposites. Such reciprocity is a common feature of many 
biological processes - including skeletal maintenance. 

In the skeletal system, duality is evident at the cellular level in the interplay 
between osteoblasts and osteoclasts as they regulate growth, maintenance and 
repair during health and disease. Osteoblasts are derived from mesenchymal stem 
cells in bone marrow, produce bone matrix, and express receptors for most bone- 
regulating molecules (regardless of whether the main action is to drive bone forma- 
tion or bone resorption [1]). Osteoclasts arise from phagocytic precursors of the 
monocyte/macrophage lineage and remove bone matrix. In normal bone remodel- 
ing, osteoblasts support and regulate osteoclast activity [2, 3], and vice versa [4]. 
However, in pathologic states, “activated” cells (e.g., leukocytes, synoviocytes) pro- 
duce cytokines [5], chemokines [6] and other molecules [7] that can enhance osteo- 
clast formation and function with minimal or no need for osteoblast participation. 

Duality is also evident in the molecular regulation of bone resorption. This 
process is controlled by the equilibrium between two molecules discovered during 
the past decade: receptor activator of NF-kB (RANK) ligand (RANKL), which acts 
via the membrane-bound receptor RANK to stimulate osteoclast production, activa- 
tion and survival; and osteoprotegerin (OPG), which inhibits bone resorption due to 
its function as a soluble, non-signaling decoy receptor for RANKL. In the inflamed 
joint, therefore, RANKL promotes erosions (an undesirable consequence [yin] [8]), 
while OPG protects skeletal architecture (the desired outcome [yang]). The balance 
between RANKL and OPG determines the degree to which RANK-mediated signal- 
ing is activated, and thus the extent to which bone is built or destroyed. 

The present chapter outlines the cellular, molecular and physiological attributes 
of the OPG/RANKL/RANK signaling pathway with regard to the immune and 
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skeletal systems, emphasizing alterations that develop during immune-mediated 
arthritis. 



Molecular biology of the OPG/RANKL/RANK system 

The known relationships between the various extracellular components of the 
OPG/RANKL/RANK signaling pathway are depicted schematically in Figure 1. 
These activities were defined in vitro using osteoclast precursors (human and 
rodent) and confirmed in vivo utilizing mice in which components of the pathway 
were added or subtracted by either genetic engineering or administration of recom- 
binant proteins. The core pathway consists of the common ligand (RANKL), the 
activating receptor (RANK) and the soluble decoy receptor (OPG). Expression of 
both RANKL and OPG are modulated by many other extracellular ligands. Finally, 
the impact of RANKL-RANK binding is transmitted by interweaving intracellular 
signal transduction cascades (Fig. 2) comprised of a growing host of enzymes and 
transcription factors. 



RANKL 

RANKL is one of two necessary and sufficient signals that control osteoclast differ- 
entiation, activation and survival [9-11]. [The other is macrophage-colony stimu- 
lating factor (M-CSF), which acts - at least in part - by inducing expression of 



Figure 1 

Schematic representation of the osteoprotegerin (OPG) /RANK ligand (RANKL) /receptor acti- 
vator of NF-kB (RANK) signaling pathway in normal bone maintenance and immune-medi- 
ated arthritis 

Under normal conditions (Panel A), RANKL generated by osteoblasts under the influence of 
many pro-resorptive signals (listed inside large white arrow) binds to its specific membrane- 
bound receptor RANK, thereby triggering a network of intracellular kinase cascades (Fig. 2) 
that promote osteoclast differentiation, activation and survival. OPG downregulates resorp- 
tion of bone by acting as a soluble sink for RANKL, thereby preventing osteoclast formation 
and eliciting osteoclast apoptosis. In the arthritic joint (Panel B), expression of RANKL in 
large quantities by activated leukocytes (T lymphocytes and macrophages) and synovial 
fibroblasts promotes extensive osteoclast differentiation, activation and survival. OPG, while 
present, is not sufficient to block RANKL activity. 

Abbreviations: CFU-M, colony forming unit-macrophage; IL, interleukin; LIF, leukemia 
inhibitory factor; M-GSF, macrophage-colony stimulating factor; PGE 2 , prostaglandin E 2 ; 
PTH, parathyroid hormone; PTHrP, PTH-related protein; TNF, tumor necrosis factor. 
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Figure 2 

Osteoclast differentiation, activation and survival result from stimulation of cellular RANK 
by RANKL, which enables various TNF receptor-associated factors (TRAFs; ovals) to associ- 
ate with RANK 

Each RANK/TRAF pair triggers one or more intracellular signal transduction pathways, 
including the serine/threonine kinase Akt, extracellular signal-regulated protein kinase 
(ERK), IkB kinase (IKK), c-Jun amino terminal kinase (JNK), p38 mitogen-activated pro- 
tein kinase (MAPK) systems, and the Src protein tyrosine kinase. In some cases, these 
kinases are enabled by the action of other enzymes, such as MAPK kinases (MKK). These 
cascades subsequently interact with one or more transcription factors (TFs) to initiate 
gene transcription, including activating transcription factor-2 (ATF2), the proto-onco- 
genes c-Jun and c-myc, nuclear factor of activated T cells 2 (NFAT2), and nuclear factor- 
kB (NF-kB). Proteins of the ATF, Fos and Jun families form the transcription factor com- 
plex known as activating protein-1 (AP-1). Gene transcription leads to osteoclast differ- 
entiation, maturation and activation, and survival. Binding of RANKL by OPG (not 
shown) blocks RANK-mediated signal transduction, thereby resulting in osteoclast apop- 
tosis (Fig. 1 Panel A). Blockade of RANK signaling by null mutations of certain molecules 
in this pathway (names encased in boxes) inhibits osteoclast function and leads to 
osteopetrosis (as detailed in Tab. 2). Additional abbreviations: IFNp, interferon-P; MITF, 
microphthalmia-associated transcription factor; PI 3 K, phosphatidylinositol-3 kinase; PIP 3 , 
phosphatidylinositol triphosphate; SOGS, suppressors of cytokine signaling. 
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RANKL and other elements of the RANK signal transduction pathway [12].] Alter- 
native acronyms for RANKL in the literature include ODF (osteoclast differentia- 
tion factor [11]), OPGL (osteoprotegerin ligand [10]), TRANCE (TNF-related acti- 
vation-induced cytokine [13]) and TNFSF11 (TNF ligand superfamily member 11, 
which is the accepted permanent nomenclature for this molecule [14]). The human 
RANKL gene is located on chromosome 13ql4 [15]. The RANKL gene shares a 
common origin with another TNF superfamily member, CD40 ligand (CD40L), as 
indicated by their common structures (single-copy gene comprised of five exons 
[16]) and shared ability to promote function and survival of dendritic cells [13, 17]. 
The RANKL promoter contains multiple regulatory elements [16] important to 
transcription of genes that control bone mass, including binding sites for activating 
protein- 1 (AP-1, a RANK-activated transcription factor complex), core-binding fac- 
tor al (CBFA1, an osteoblast-specific transcription factor involved in osteoblast dif- 
ferentiation), and vitamin D 3 [18]. Expression of RANKL is also subject to epige- 
netic control based on the degree of methylation near the transcription start site 
[19]. The extent of methylation varies among different cell and tissue types. 

Once translated, RANKL is produced by self-assembly of monomers into a non- 
covalently linked, stable, membrane-bound homotrimer (human protein: 317 aa, 
MW 45 kd after post-translational modification of the 35 kd protein) [15, 20, 21] 
that can be cleaved later to release a soluble homotrimer (26 kd). Both membrane- 
bound and soluble RANKL are potent agonists of RANK [15, 22]. Using mouse 
RANKL (316 aa), production of the soluble form is mediated by TNFa converting 
enzyme (TACE). However, the low specificity constant for RANKL (1,000-fold 
lower than that of the prototypic TACE substrate, TNFa) implies that an as yet 
undiscovered protease is the likely main catalyst for this conversion [23]. TACE- 
mediated cleavage of human RANKL has not been demonstrated, although exten- 
sive homology between full-length human and mouse RANKL (87% at the amino 
acid level [10]) suggests that TACE should have this capacity for the human protein 
as well. The degree of homology between RANKL and other TNF family members, 
such as TNFa and TRAIL (TNF-related apoptosis-inducing ligand), is approxi- 
mately 20% [15]. 

RANKL is highly expressed in bone, intestine and peripheral lymphoid organs, 
and is found to a lesser degree in many other tissues including heart, lung, skeletal 
muscle and thyroid [10, 11, 15, 17]. In adults, the expression of RANKL in normal 
bone is highest near remodeling zones such as the hypertrophic chondrocytes of 
growth plates, the primary spongiosa, the metaphysis and the periosteal side of the 
diaphyseal collar [10, 24]. RANKL is produced chiefly by immature osteoblasts dur- 
ing normal bone remodeling [25]. Activated CD4 + and CD8 + T lymphocytes [15, 
22], activated macrophages [26] and activated synovial fibroblasts [27] as well as 
immature osteoblasts are major sources of RANKL in arthritic joints. 

RANKL acts in vitro to alter the expression of more than 600 genes engaged in 
osteoclast differentiation and activation [28]. Among these, RANKL induces 
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numerous cytokines, chemokines and growth factors [28, 29] as well as the tran- 
scription factor NFAT2 (nuclear factor of activated T cells 2), which acts in concert 
with AP-1 to alter the transcription of many cytokine genes [30, 31]. RANKL also 
enhances production of proteins that activate and stabilize TNF receptor-associated 
factors (TRAFs), which connect RANK to many downstream effector molecules 
[32]. Recent reports indicate that adding molecules other than M-CSF may also aug- 
ment RANKL-mediated induction of osteoclasts. For example, bone morphogenet- 
ic protein-2 (BMP-2) cross-communicates with RANKL to support osteoclast dif- 
ferentiation and survival [33]. Transforming growth factor-p (TGFp), activin A 
(another TGFp superfamily member), and prostaglandin E 2 (PGE 2 ) act synergisti- 
cally with RANKL to control osteoclast differentiation [34-37]. In addition, the gly- 
cosphingolipid lactosylceramide is required before RANKL can initiate osteoclasto- 
genesis [38]. Interestingly, RANKL also induces osteoclasts to secrete platelet- 
derived growth factor BB (PDGF-BB), an osteoblastogenesis inhibitory factor that 
appears to allow for feedback inhibition to downregulate RANKL production by 
osteoblasts [4]. 



RANK 

RANK is the cellular receptor that mediates all known actions of RANKL. The 
accepted alternative designation for this molecule is TNFRSF11A (TNF receptor 
superfamily member 11A [14]). In humans, the 10 exons of the RANK gene map to 
chromosome 18q21 [17]. RANK is induced by M-CSF [29] and is expressed chiefly 
on osteoclasts and their precursors [39] as well as on dendritic cells and mature T 
lymphocytes [40]. At the amino acid level, human RANK (616 aa [MW 97 kd]) 
exhibits 70% homology to the mouse version [17]. The cytoplasmic tail of RANK 
has multiple binding sites for TRAFs, which amplify the impact of the 
RANKL/RANK complex via a series of kinase cascades [32, 41-43]. In young adult 
mice, RANK is expressed highly in the metaphysis on multinucleated cells (osteo- 
clasts) distributed in the primary spongiosa adjacent to the growth plate and in the 
periosteum, and to a lesser extent in hypertrophic chondrocytes [39]. Expression is 
reduced substantially in senescent rats [24]. 



OPG 

OPG is a soluble decoy receptor that binds RANKL before it can activate RANK- 
mediated signaling. Synonymous acronyms for OPG include OCIF (osteoclast 
inhibitory factor [44]), FDCR-1 (follicular dendritic cell receptor-1 [45]), TR1 (TNF 
receptor superfamily member 1 [46]), and TNFRSF11B (TNF receptor superfamily 
member 11B, the current preferred nomenclature for this protein [14]). Human 
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OPG is a single-copy gene comprised of 5 exons that spans 29 kB of chromosome 
8q24 [47]. The OPG promoter harbors a recognition element for CBFA1, the bind- 
ing of which leads to an increase in OPG expression [48]. 

Human OPG (401 aa, MW 44 kd) is found in various body fluids in both 
monomeric and dimeric variants (55 kd or 110 kd, respectively, after post-transla- 
tional N-glycosylation [49]). The main OPG form released by cells is the disulfide- 
linked homodimer [49], but the monomeric variant is secreted in small amounts 
[49]. Additional monomer is produced in plasma by proteolysis [50], and the 
monomeric form is reported to be the predominant version in circulation [51]. 
Mean serum concentrations under normal conditions vary from study to study, and 
assay formats likely have a significant influence on the absolute OPG levels that are 
measured. For example, mean serum OPG in normal mice has been assessed at 500 
pg/ml, although the range of individual animal values (200 to 1,300 pg/ml) is quite 
broad [49, 51]. In normal healthy humans, serum OPG levels have been reported to 
vary from 50 to 200 pg/ml [52-54] to as high as 1 to 2 ng/ml [55]. Both the 
monomer and the dimer are cleaved during processing to yield a mature protein of 
380 aa [50]; the activity of the final product derived from either parent form is sim- 
ilar [50]. The constitution of OPG is maintained across species, with human and rat 
proteins sharing approximately 85% homology at the amino acid level [49]. 

OPG is a unique member of the TNF receptor (TNFR) superfamily in that it 
lacks the membrane-spanning sequence common to most TNFRs [44, 49]. The 
RANKL-binding site of OPG consists of four highly conserved, cysteine-rich, 
TNFR-like domains located near the N-terminus; OPG immobilizes RANKL in a 
1:1 molar ratio. The C-terminus of OPG contains a heparin-binding domain [56], 
which may function to anchor soluble OPG to cell surfaces [45] and allow for its 
internalization and degradation (demonstrated in multiple myeloma cells [57]). The 
C-terminus bears two death domain homologous (DDH) regions of unknown func- 
tion [56]. The extracellular location of the DDH regions suggests that they do not 
initiate osteoclast apoptosis. 

OPG is expressed in an even wider range of mouse tissues than is RANKL, with 
high levels found in lung, heart, kidney and placenta [49, 51]. In humans, OPG is 
expressed in virtually all tissues - including bone - except for peripheral blood lym- 
phocytes [44]. In bones of young animals, OPG immunoreactivity is localized to 
resorbed bone surfaces and bone matrices in cement lines as well as in osteoblasts 
and osteocytes [24, 58]. The molecule is also found in proliferating chondrocytes 
[24] and in the superficial zone of normal cartilage [59]. Expression decreases with 
age at all sites except the endosteal lining [24]. Interestingly, post-translational pro- 
cessing of OPG in bone appears to confer a different complement of sugar residues 
than does glycosylation in other tissues [58], suggesting that the bone- and soft tis- 
sue-specific variants might have divergent functions. 

At present, OPG is not known to act in concert with other molecules to directly 
regulate RANKL activity. However, at least two other potential RANKL-modulat- 



227 




Brad Bolon et al. 



ing entities have been described. First, the TNF family member TRAIL can block the 
anti-osteoclast activities of OPG in vitro [60], suggesting the possibility that RANKL 
and TRAIL can cooperate to circumvent the regulatory effects of OPG. Under nor- 
mal homeostatic conditions, however, TRAIL is not an essential means of regulating 
OPG in vivo [61]. Second, a novel calcium-dependent (C type) lectin designated 
murine osteoclast inhibitory lectin (mOCIL) is reported to directly reduce RANKL- 
mediated osteoclast differentiation in an OPG-independent manner [62]. In mouse 
bone marrow cultures, mOCIL and OPG share the ability to suppress osteoclast for- 
mation during early proliferation, but only OPG is available to block production 
during later stages [62]. Thus, for practical purposes OPG remains the chief means 
of damping RANKL-mediated osteoclast function during all stages of the cell’s life. 



Extracellular regulatory elements 

RANKL serves as the ultimate ligand by which many pro-resorptive factors indi- 
rectly instigate bone degradation under both physiologic and pathologic conditions. 
This precept is substantiated by the induction of osteoclastogenesis and hypercal- 
cemia in wild type mice but not in mice lacking RANK following injection of a pro- 
resorptive molecule - either parathyroid hormone (PTH)-related protein (PTHrP), 
vitamin D (as the active metabolite l,25(OH) 2 D 3 ), interleukin- lp (IL-lp), or TNFa 
[63]. As shown in Table 1, many factors that induce bone resorption function by 
inducing RANKL and/or by suppressing OPG [64-66]. Several therapeutic agents 
elicit these changes in human osteoblasts, including the glucocorticoids dexametha- 
sone [67] and hydrocortisone [68] as well as the immunosuppressive agents cyclo- 
sporin A, FK-506, and rapamycin [69]. Similarly, fibroblast growth factor-2 (FGF- 
2 [70]), insulin-like growth factor-I (IGF-I [71]), PGE 2 [11, 72-75], PTH [76-79], 
PTHrP [8], thyroid hormone [80] and vitamin D [11, 25, 76] encourage osteoclas- 
togenesis by upregulating RANKL expression while reducing OPG production by 
murine osteoblasts and osteoblastic cell lines. A similar effect is engendered in 
human bone marrow stromal cells by vitamin D [81]. In contrast, under normal 
physiological conditions, bone degradation is prevented by those factors that aug- 
ment OPG expression while lowering that of RANKL. For example, high calcium 
levels in the microenvironment of activated osteoclasts hinder additional resorption 
by raising local OPG expression [44, 58]. Both TGFp [73, 82] and several topoiso- 
merase II inhibitors [83] increase expression of OPG while downregulating that of 
RANKL. The hormone estrogen inhibits osteoclast function by promoting OPG 
expression [84, 85], an effect mediated via estrogen receptor type a [85] and also 
indirectly via TGF|3 [66, 86]. Estrogen suppresses RANKL-induced osteoclast for- 
mation in mouse bone marrow stromal cells [87], although this action has yet to be 
confirmed as stemming directly from estrogen-induced inhibition of RANKL 
expression. Two other hormones, leptin [88] and melatonin [89], also suppress 
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Table 1 - Regulation of OPG and RANKL expression by selected osteotropic ligands 
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Mu-OB 

Insulin-like growth factor-1 (IGF-I) I mRNA T mRNA Mu-BMSC 

Leptin T mRNA/prot. ND Hu-PBMC r Mu-Spleen 

Melatonin T mRNA/prot. i mRNA Mu-OB 




Parathryoid hormone (PTH) >1 mRNA T mRNA Hu-OB, Mu-OB, Rat-OB [76, 77] 

Mu-BMSC [78, 79] 
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aCD3 T mRNA ND Activated Mu-T cells [22] 

ND T mRNA Activated Hu-T cells (RA) [157] 

ocCD28 T mRNA ND Activated Mu-T cells [22] 

ConA T mRNA ND Activated Mu-T cells [22] 

PHA ND T mRNA Activated Hu-T cells [162] 




PMA T mRNA ND Activated Mu-T cells 



Receptor activator of nuclear factor Kp ligand (RANKL) versus osteoprotegerin (PPG) 
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osteoclast formation by augmenting OPG expression. Thus, osteoclast net activity 
directed by numerous hormones and cytokines is regulated by their different abili- 
ties to reciprocally control RANKL and OPG production [64-66]. 

Paradoxically, some cytokines enhance the expression of both OPG and RANKL 
(Tab. 1). This pattern has been verified for the proinflammatory agents IL-lp [90, 
91], IL-11 [11, 76], IL-17 [92], TNFoc [63, 90, 91, 93] and TNFp [93]. Thus, con- 
trol of osteoclast net activity resides not in the absolute amounts of OPG and 
RANKL at a given site, but rather in their ratio. This principle is corroborated by 
the ability of supplemental OPG to counteract the osteolytic effects of many pro- 
resorptive, RANKL-inducing stimuli. For example, OPG blocks PTH-induced 
osteoclast differentiation [78] and bone resorption in vitro [64, 94] and in vivo 
[95]. Comparable results are obtained when recombinant OPG is used to neutralize 
PTFlrP produced by tumor xenografts [96, 97]. Finally, OPG (50 ng/ml) blocks 
osteoclastogenesis and the formation of resorption pits mediated by RANKL- 
expressing cells isolated from joints of RA patients; the number of resorption pits is 
well correlated to the OPG:RANKL ratio [98]. Therefore, pro-resorptive agents 
would be anticipated to skew the OPG:RANKL ratio toward a relative excess of 
RANKL, even if they actually function to increase the expression of OPG as well. 
Interestingly, serum concentrations of both RANKL and OPG are elevated in RA 
patients [99]. 



Intracellular effector elements 

Like other TNFR family members, an intracellular kinase cascade drives gene tran- 
scription initiated by RANK activation (Fig. 2). Signaling by TNFR proteins pro- 
gresses by two pathways; those that contain cytoplasmic death domains and can 
directly induce apoptosis, and those (such as RANK) that do not. The cytoplasmic 
tail of RANK has unique TRAF interaction motifs (TIMs [100]) for binding TRAFs 
1, 2, 3, 5 and 6 [39, 41-43, 101]. For instance, TRAFs 2 and 5 bind to the C ter- 
minus of RANK, while TRAF 6 interacts with a RANK domain located closer to the 
inner surface of the plasma membrane [39]. TRAF2 also serves as an adaptor pro- 
tein for other TNFR molecules [102], while TRAF5 [103] and TRAF6 [104] also 
participate in TNFa-induced osteoclastogenesis. Of the known TRAFs, only TRAF6 
also transduces signals through IL-1 receptor/Toll-like receptor pathways 
[105-107]; TRAF6 also partakes in IL-17-mediated signaling [108]. Interestingly, 
RANKL but not IL-1 or TNF evokes oscillations in intracellular calcium concen- 
trations [109], suggesting that this RANKL action is not mediated by TRAF2 or 
TRAF6. The various TRAFs appear to regulate different phases of osteoclast biolo- 
gy, with TRAF 2 and TRAF5 involved in osteoclastogenesis while TRAF6 controls 
both formation and activation (reviewed in [32]). TRAF6 is particularly critical in 
RANK-mediated signal amplification as it is the principal mediator activating gene 
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transcription via NF-kB [42, 43] and it also functions at least in part by organizing 
the osteoclast cytoskeleton [106]. However, deletion of any single TRAF reduces but 
does not prevent osteoclast formation, thereby demonstrating that the differentia- 
tion programs mediated by each TRAF are redundant without being identical [106]. 
RANKL induces factors capable of activating and/or stabilizing TRAFs [28]. 

RANK/TRAF complexes amplify RANKL signaling through multiple down- 
stream kinases. Enzymes recruited by RANK/TRAF include the Akt phosphatidyl- 
inositol-3 (PI-3) serine/threonine kinase, extracellular signal-regulated protein kinase 
(ERK), IkB kinase (IKK), c-Jun N-terminal kinase (JNK), p38 kinase, and the c-Src 
protein tyrosine kinase [32, 110-112]. In some instances, these enzymes function 
independently to alter osteoclast function [113]. TRAF2 appears to be a primary 
mediator of the JNK pathway [43], but the TRAFs tasked to direct the other kinas- 
es have yet to be defined. RANK-mediated activity of each cascade is independently 
regulated [114]. The various kinases promote binding of the transcription factors 
AP-1 (a complex of dimeric transcription factors composed of ATF [activating tran- 
scription factor], Fos, or Jun subunits that share a common DNA binding site [115]), 
NFATc2, and NF-kB to genes required for osteoclast formation and activity [28, 
109, 116]. In the case of NEAT, the promoter region contains binding sites for AP-1 
and NF-kB [117], which provides a mechanism by which RANKL can upregulate its 
expression [28]. RANKL also increases expression of c-myc, a transcription factor 
that controls differentiation and proliferation of osteoclasts [118]. These factors are 
required at various stages of osteoclast differentiation program. For example, NF-kB 
components p50 and p52 are not needed for genesis of progenitor cells but are indis- 
pensable for differentiation of precursors to mature osteoclasts [119]. In like manner, 
independent activation of both JNK and NF-kB are necessary for completion of 
osteoclastogenesis [113]. The complexity of the intracellular amplification cascades 
provides an explanation for the synergistic activities of RANKL and M-CSF in osteo- 
clastogenesis, in that M-CSF induces RANK as well as TRAF2, PI-3 kinase, and 
MEKK3 (mitogen-activated protein kinase [MAP] or ERK kinase kinase 3 [29]). 

In addition to direct inhibition of RANKL by OPG, RANK-regulated osteoclast 
activity is controlled indirectly by several means (Fig. 2). For instance, in osteoclast 
precursor cells RANKL elicits production of interferon-p (IFNP), which acts to 
inhibit the AP-1 component c-Fos [120, 121]. However, RANKL also induces sup- 
pressors of cytokine signaling (SOCS), which block the IFNp-mediated dampening 
of RANKL signaling [120]. The TRAF6 component of RANK-regulated osteoclas- 
togenesis is modulated by the regulatory element TRAF6 -inhibitory zinc finger pro- 
tein (TIZ [122]) and destabilized by T lymphocyte-derived interferon-y (IFNy 
[123]), while other as yet undiscovered factors likely block interactions between 
other TRAFs and their downstream effectors. Importantly, the cellular receptors for 
proinflammatory cytokines with osteoclastogenic activity, including IL-1 and 
TNFa, also use TRAFs [32], thereby providing a means by which multiple pro- 
resorptive pathways may be coupled, or even additive [124]. 
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A dynamic equilibrium between OPG and RANKL regulates osteoclast 
differentiation, activation and survival 

At the cellular level, the degree of bone degradation depends on the balance between 
production, activation and survival of osteoclasts. RANKL promotes these three 
activities, while OPG blocks differentiation of precursors while simultaneously 
thwarting the maturation and retention of previously formed cells. With respect to 
differentiation, RANKL suppresses the macrophage phenotype of mouse bone mar- 
row cells and promotes the generation of osteoclasts [125]. OPG blocks osteoclasto- 
genesis in mouse bone marrow [94] and human peripheral blood mononuclear cells 
[126] cultured with RANKL and M-CSF, and it eliminates their formation in severe- 
ly inflamed joints of rats with adjuvant- [127] and collagen- [128] induced arthritis. 
OPG impedes RANKL-induced fusion of osteoclast precursors [129] but does not 
lower the number of precursors [49]. Activation of mature osteoclasts is inhibited by 
OPG in vitro [10, 64, 130]. Injection of OPG into normal and hypercalcemic mice 
reduces circulating concentrations of calcium (which depend on bone resorption by 
pre-formed cells) within two hours [95, 96], a time course explicable only by direct 
blockade of mature osteoclasts. One explanation for this rapid reversal is the capac- 
ity of OPG to reverse RANKL-mediated osteoclast attachment to bone [131, 132]. 
In addition, experiments in vitro suggest that OPG works rapidly to downregulate 
expression of cathepsin K, the main protease in osteoclasts responsible for bone 
resorption [133]. Finally, OPG greatly lessens osteoclast survival in vitro by neutral- 
izing the ability of RANKL to prevent osteoclast apoptosis [134, 135]. More mature 
osteoclasts are especially sensitive to OPG [134]. Significant apoptosis of osteoclasts 
results only if OPG is present for from one [73, 130] to three days [134, 135]. How- 
ever, in mice and rats a single OPG injection in vivo induces substantial osteoclast 
apoptosis within six hours [135], leading to a profound reduction in osteoclast pop- 
ulations within 12 to 48 hours [134, 136]. Again, the OPGrRANKL ratio governs 
the extent of osteoclast differentiation, activation and survival. 



Skeletal phenotypes resulting from in vivo genetic alterations in proteins 
of the OPG/RANK/RANKL pathway 

Mouse phenotypes 

The importance of the OPG/RANK/RANKL pathway to skeletal development and 
homeostasis is demonstrated amply by the plethora of bone abnormalities that 
occur in mice with spontaneous or engineered mutations of elements in this trans- 
duction system (Tab. 2). The two principal changes are osteopetrosis, which results 
from reduced RANK-mediated signaling, and osteoporosis, which reflects excessive 
activity in RANK-controlled kinase cascades. 
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(2) Dendritic cell survival factor clastogenesis defect, but normal osteo- dendritic cells. 

clast precursors), lymph node agenesis, 
and mammary gland dysgenesis. 




Brad Bolon et al. 



^3 

CD 

=3 

C 

c 

8 



iS 



0 ) 

o 

c 

CD 

CD 3 
C CT 
3 CD 

E £ 

E 8 



0 ) 

Q- 

■& 

O 

c 

CD 



tO 

JS 

o 

O 

CD 

s s 

° 1 

JS 5 

CO "O 



in 



1 



■o 

CD 

Q_ 

E 



"O 

c 

03 

C 

o 

Id 

i_ 

3 

Id 

E 



*/> s 

-D E Q. 

^ § 3 ■ o 

SaaS 

IMS 

| £ is 

«■> "8 - * "S 

tyO E c o -M 

gj <D -Q <D 

-C ±± “q_ m_ <D 

Q- 03 oo O T3 



"O 
C 
cc3 'oo 

O E 
m ■+-* 

CL <D_ 

““ o 

CD 



CO 

CD 

C 

CD 

biO ^ 
O C 

■K P 



TO Cd 



C 

_o 

4— » 
_ 0 ) 
CD 

3 

-i-> 

3 

O 

_X 

u 

o 

c 

V 



8 -K g 
i o E 
^ E t» 

~ ^ -g 
E u o 

5 CD OJ 
n m- 4ii 
3 CD CO 
CO TD O 



cm 

in 

Cl 



c 

o 



CCS "O 

> 5 



$ -g- 






c 

<T3 



“O 
C. CD 

■§ 1 
JS 4= 

s-> u 
v. c 

Oj 1 
CD ^ 

o Z 

•5 < 

^ CL 



“O 

c 

4-. 5 

c .2 

CD 4-j 

E -jg 

'F c 

E E 
E <d 
o £ 
U "a 






co no 

cm 

V- CM 



CD 


CD 


v_ 




~o 

CD 


CJ 

GO 


3 

3 


03 

E 


4— » 

c 

CD 


■e 

o 


“O 


to 


"O 


E 


CL 

CD 


CD 


<D 


CD 


c 


i- 


O 

3 

“O 


_Q 

E 


t- 

03 

Q_ 


2 

> 


CD 

C 


CD 

CL 


3 

C 


E 


c 

CD 


o 

z 



CD <D 
C to 

0 O 
CL 

1 I 

c/» 

co 'c7> 
,9 o 



CD U 
Q_ CD 
O ““ 
CD 



CD 

"O 



3 

O 

-X 

u 

O 

c 



c 

o 



co 

co 

CD 

C 

CD 

bo 

o 



■ . 9 - 

CL h 



C 

03 



a ■£ 



t3 

<c 



"D 

c 

03 

4_i C 

c .2 

CD 4-j 

E -S 

'F c 

E E 
E <d 
o £ 
U "o 



.5 

> CO 
w <D 

co C 
'co 2 



biO 

O 

4-> 

CO 



2 

o 

0 -2 

-E o 

£ CD 
O 4— » 
. CO 

1 o 

3 

O S 
-* <8 
8 2 
c 2 
^ .9 



"a 

CD 

o 

3 

"O 

c 



CO. w 

ll 

9- H- 

i o 
o *- 
C o 
vE ±i 
t: _q 
-2 IE 
c c 



CL 

X 

CD 



~a 

c 

03 

4— » 

c 

CD 

E 



3 £ 



bjo E 

CD 
CL 



O '.t 

._ 4-> 

tj u 

03 

! ^ 



c5 ^ 
- it < 

O ~ 

U T3 w 



0^ 



3 

O 

_x 

u 

o 

c 



_Q 



CD 

CL 

O 

CD 

4-> 

CO 

0 

1 

u 

'c 

CD 

boO 

CO 

C 

03 



O 

CL 

O 



CD 

bO 

CD 



Cl 

o 

-E 

Co 

o 



c 

_o 

% 

3 

bJO 

CD 

CL 



236 



commitment and Soluble decoy receptor osteoclastogenesis defect, but defect in B cell develop- 

differentiation for RANKL normal osteoclast precursors). ment. No effect on T 

(RANKL activity) Knockout - osteoporosis ( via increased cell and dendritic cell 

osteoclastogenesis) and arterial development, 

calcification. 




Regulation of Klotho (kl/kl) Spontaneous knockout - osteo- Spontaneous [164, 
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RANKL 

Mice engineered to lack RANKL (Rankl develop osteopetrosis with systemic 
bone deformities and failed tooth eruption as a consequence of essentially universal 
osteoclast annihilation [137, 138]. The increased bone mass is partially reversed by 
restoring RANKL through transgenic over-expression [138]. Interestingly, deletion 
of Rankl does not yield an inherent defect in osteoclasts, as in vitro treatment of 
Rankl _/ ~ osteoclast precursors with RANKL and M-CSF results in the production 
of osteoclasts [137]. Instead, the defect in Rankl _/_ mice is an indirect effect of 
impaired RANKL production by stromal cells. 



RANK 

Deletion of cellular RANK, or inhibition of RANK activity, also abolishes osteo- 
clasts. Mice with null mutations of cellular RANK ( Rank _/_ ) exhibit a phenotype 
that is essentially identical to that of Rankl _/_ animals, including severe osteopet- 
rosis with multiple skeletal deformities and an absence of tooth eruption [63]. 
However, unlike their Rankl counterparts, Rank~ f ~ osteoclast precursors are 
inherently defective [63] as shown by their failure to support osteoclastogenesis 
in the presence of RANKL and M-CSF [10]. Responsiveness to RANKL and M- 
CSF can be restored if RANK is re-introduced into the defective Rank _/_ precur- 
sors [10], and the resulting osteoclasts are functional as shown by their capacity 
to reverse osteopetrosis in Rank~ f ~ mice [63]. Introduction of a soluble RANK 
either by injection or transgenic over-expression of RANK-Fc (a soluble, non-sig- 
naling fusion protein combining the RANKL-binding domain of RANK with the 
constant [Fc] region of human immunoglobulin G t [39]) also creates a RANKL 
deficiency that culminates in increased bone mass. Injection of young adult mice 
with RANK-Fc leads to higher bone density near sites of skeletal growth, while 
over-expression throughout the entire lifespan yields generalized osteopetrosis 
[39]. 

OPG 

In vivo studies with genetically engineered mice have shown that excess OPG leads 
to profound osteoclast depletion and osteopetrosis, while an OPG deficit allows 
pronounced osteoclast expansion and osteoporosis. Transgenic mice that over- 
express rat Opg are markedly osteopetrotic at birth, but do not develop deformed 
bones or defective tooth eruption [49, 139]. The extent of osteopetrosis is highly 
correlated with circulating OPG concentrations; all mice are affected if serum 
OPG levels exceed 10 ng/ml (normal serum levels are < 1-2 ng/ml [49]). In con- 
trast, mice with null mutations of OPG (Opg _/_ ) develop progressive osteoporosis 
with many fractures beginning shortly after birth due to widespread and uncon- 
trolled osteoclast production [140]. Heterozygous mice lacking one OPG copy 
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( Opg +l ~ ) also loses bone mass to a significant degree over time [140]. The osteo- 
porotic phenotype of Opg~ f ~ mice can be rescued by administering OPG, either by 
crossbreeding with transgenic mice that over-express Opg or by injecting recom- 
binant OPG [139]. Thus, supplemental OPG can counteract an imbalanced 
OPG:RANKL ratio in which a relative excess of RANKL is leading to enhanced 
bone loss. 



Intracellular effector elements 

Null mutations of many proteins located downstream of the RANKL/RANK com- 
plex also lead to osteopetrosis (Tab. 2). Factors for which this finding has been 
reported include TRAF6 [141, 142], the TRAF6 binding partner Src tyrosine 
kinase [143], and transcription factors c-Fos (a component of AP-1 [144]) and NF- 
kB [145]. The osteopetrotic phenotype in mice lacking c-Fos is rescued by over- 
expressing Fra-1, another Fos family member that is a normal constituent of AP-1 

[146]. 



Human genetic diseases 

Three of 1 1 genetic defects known to induce sclerosing bone dysplasias in humans 
have been attributed to mutations in elements of the OPG/RANK/RANKL pathway 

[147] . Activating mutations in RANK have been demonstrated in kindreds with 
two autosomal dominant, metabolic diseases of bone: familial expansile osteolysis 

[148] and expansile skeletal hyperphosphatasia [149]. Paget’s disease of bone has 
been associated with activating mutations in RANK (in a single Japanese family 
[148]) or p62 [150], a sequestosome component that supports NF-kB activation 
through the RANKL/RANK pathway [151]. However, while present in many 
patients, polymorphisms in OPG and RANK have not been linked to disease induc- 
tion in most cases of sporadic and familial Paget’s disease [152, 153]. An inactivat- 
ing mutation of OPG has recently been identified as the cause of idiopathic hyper- 
phosphatasia, an autosomal recessive metabolic bone disease described in one Aus- 
tralian family [154]. Alterations in the RANKL gene have yet to be linked with 
human disease. 



The role of the OPG/RANK/RANKL pathway in bone pathophysiology 

Numerous reports implicate an altered OPG:RANKL equilibrium as a causative 
factor in diseases associated with excessive bone resorption. Two conditions for 
which a burgeoning literature exists are rheumatoid arthritis (RA) and osteoporo- 
sis. 
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The OPG/RANK/RANKL pathway in rheumatoid arthritis and experimental 
arthritides 

Several lines of evidence indicate that a RANKL-mediated increase in osteoclast net 
activity contributes significantly to the joint erosions that are characteristic of RA 
as well as animal models of arthritis [32, 98]. First, osteoclast populations are 
expanded in RA patients [155, 156] and in animals in which immune-mediated 
arthritis has been induced [22, 127, 136]. Second, RANKL is expressed prominent- 
ly in proximity to bone erosions in both RA patients [26, 98, 157, 158] and rodents 
[159-161]. Third, osteoclast activity in RA and experimental arthritis in rats is con- 
trolled chiefly by RANKL derived from activated CD4 + T cells [22, 26, 162], 
macrophages [26] and synovial fibroblasts [27], although RANKL from activated B 
cells [163, 164], osteoblasts and bone marrow stromal cells may also play a role [11, 
165]. RANKL levels in human arthritis patients are highest in those individuals with 
extensive inflammation (e.g., active RA) relative to those with a minimal leukocyte 
infiltrate (e.g., osteoarthritis) [26]; interestingly, active RA also is characterized by 
elevated OPG concentrations in serum and synovial fluid, although the OPG levels 
are not correlated with disease severity [166]. In addition to the direct production 
of RANKL, activated T cells from RA patients emit IL-lp [91], IL-17 [92, 158], and 
TNFa [91], all of which induce RANKL expression. Inhibition of these and other 
proinflammatory cytokines (granulocyte/macrophage-colony stimulating factor 
[GM-CSF], interferon-y [IFNy], IL-6) in the absence of RANKL blockade does not 
hinder T cell-induced osteoclastogenesis in vitro [22, 92]. Finally, the severity of 
skeletal destruction is lessened in /-deficient mice with serum transfer-induced 
arthritis [167], indicating that RANKL can modulate the severity of an antibody- 
driven inflammatory process. 



The OPG/RANK/RANKL pathway in inflammation-associated osteoporosis 

Local (peri-articular [155]) and systemic [168] osteoporosis is a common concur- 
rent finding in chronic RA (reviewed in [169]). Increased osteoclast function is the 
principal mechanism by which secondary osteoporosis develops in RA patients 
[170], with activation of existing cells being of more importance than differentia- 
tion of precursors [171]. The excess RANKL production typical of the arthritic 
joint provides a reasonable explanation for this finding. Support for this hypothe- 
sis is provided by evaluation of mice with collagen-induced arthritis, which exhib- 
it increased RANKL expression both within the inflamed joints and at distant sites 
[161]. Further substantiation for this premise is the ability of supplemental OPG to 
ameliorate bone loss in mice with null mutations of cytotoxic T-lymphocyte-asso- 
ciated protein 4 ( ctla4 ), which exhibit widespread inflammation secondary to con- 
stitutive T cell activation [22]. These data implicate an imbalanced OPG:RANKL 
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ratio as the likely pathogenesis for osteoporosis that accompanies immune-mediat- 
ed disease. 



The OPG/RANK/RANKL pathway in immune system function 

The role of OPG, RANK and RANKL in immune system function recently has been 
reviewed [40]. Growing evidence exists to support RANKL activities in both 
immune system development and in immune responsiveness. The major implica- 
tions are summarized briefly below. However, the role of the OPG/RANK/RANKL 
pathway in inflammation requires further exploration as prior studies in experi- 
mental models of immune-mediated arthritis have demonstrated no capacity for 
RANKL inhibitors to modify established inflammation [127, 128, 136]. 



Development 

Molecules of the OPG/RANK/RANKL pathway are widely distributed throughout 
elements of the immune system during both development and maturity. RANKL is 
expressed broadly in lymphoid organs, including lymph nodes, spleen, thymus 
(including immature CD4 + CD8 + thymocytes), and gut-associated lymphoid tissues 
(Peyer’s patches) [10, 17]. 

RANKL/RANK signaling obviously is required for the genesis of lymph nodes as 
these organs are absent in mice with null mutations of Rankl [137], Rank [63, 172], 
and Traf6 [142]. Interestingly, splenic and Peyer’s patch architectures in Rankl 
and Rank~'~ animals are essentially normal, despite some modest alterations in 
organ size. Selective ablation of lymph nodes is not a consequence of Rankl and 
Rank deletion as these two molecules also are expressed in spleen and Peyer’s patch- 
es [40]. Aberrant lymph node formation also cannot be attributed to defective hom- 
ing of Rankl ~ f ~ lymphocytes [137]. Taken together, these data suggest that the spe- 
cific and essential role of RANKL and RANK in specifying lymphoid organ archi- 
tecture is limited to lymph node organogenesis, likely as a growth and/or survival 
factor on lymph node organizing cells during embryonic development. However, 
RANKL may also play a cooperative role with TNFa in specifying Peyer’s patch 
development as mice with targeted removal of either Rankl [137] or TNF receptor 
type I (TnfrI) have small Peyer’s patches [173], while animals deficient in both 
Rankl and TnfrI lack Peyer’s patches altogether [40]. The exact cellular and molec- 
ular mechanisms of RANKL/RANK regulated lymph node morphogenesis and the 
link between lymph node and Peyer’s patch formation have yet to be elicited. 

RANKL is involved in regulating early differentiation and expansion of T lym- 
phocytes. RANKL is found on CD4“CD8 _ early thymocyte precursors [17], which 
also express the pre T cell receptor (TCR). In Rankl -/ “ mice, CD4“CD8~CD44“ 
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CD25 + precursors do not progress to become CD4 - CD8 - CD44 - CD25 - thymocytes 
[137], a necessary stage before genesis of immature CD4 + CD8 + cells that ultimate- 
ly can undergo positive selection to become mature CD4 + or CD8 + T cells. This 
developmental defect is intrinsic to the bone marrow-derived precursors and not to 
anomalies in the thymic microenvironment during differentiation [40]. Thymocyte 
differentiation in vitro is normal for cells derived from Rank -/ “ mice [63, 172] but 
is altered in cells obtained from Rankl animals [40]. The difference in thymocyte 
differentiation, which is the only discernible distinction between the Rankl ~ f ~ and 
Rank phenotypes, suggests that RANKL might act on another receptor during 
early thymocyte development. 

The OPG/RANKL/RANK pathway also contributes to B cell development and 
function. Rankl and Rank~'~ mice have reduced numbers of mature B220 + B cells 
in the spleen and lymph nodes, and slightly disorganized B cell areas in primary 
splenic follicles [137, 172]. RANKL regulates early B cell differentiation from the 
B220 + CD43 + CD25“ pro-B cell to the B220 + CD43"CD25 + pre-B cell [137]. Interest- 
ingly, B cells in bone marrow can produce RANKL [164], and RANK is expressed 
at low levels on activated B cells [174]. Immature B cell stages can differentiate in 
vitro to form osteoclasts when stimulated with RANKL and M-CSF [164]. The 
functional importance of B cells in osteoclast function is confirmed by assessment of 
klotho (kl/kl) mice, which are characterized by osteopetrosis and death. The kl/kl 
phenotype, which results from persistent elevation of OPG with fewer osteoclasts 
[175], occurs in conjunction with greatly reduced B cell numbers [164]. Finally, 
OPG appears to be required for efficient generation of antibodies [176]. 



Communication between immune cells 

Molecules of the OPG/RANK/RANKL pathway mediate interactions among many 
immune effector cells, particularly those between dendritic cells (DCs) and T lym- 
phocytes (Fig. 3). Immature DCs are dispersed in tissues to capture pathogens and 
process their antigens. Mature DCs with captured antigen migrate to the T cell 
zones of secondary lymphoid organs, where they present the antigen to T cells dur- 
ing initiation of the adaptive immune response [177]. DCs and mature T cells 
express RANK, while activated CD4 + and CD8 + T cells produce both soluble and 
membrane-bound RANKL [15, 22, 174], suggesting that RANKL regulates DC and 
T cell exchanges in paracrine and autocrine manners, respectively. RANKL/RANK 
signaling on DCs promotes DC survival in vitro and in vivo [13, 17, 178]. For this 
purpose, RANKL can work in conjunction with CD40L (another TNF ligand fam- 
ily member found on activated T cells) or TNFa [174]; RANKL appears to control 
later events associated with producing immune system memory, while CD40L seems 
to specify initial priming in response to novel antigens [40]. The response of DCs to 
RANKL depends on their anatomic location, as indicated by different RANKL- 
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Figure 3 

Proposed RANKL-RANK interactions during immune responses 

At the initial stage, dendritic cells (DCs) are primed by CD4 + T cells that express CD40L and 
generate lymphokines. CD40L is rapidly upregulated (expression maximal at 3-7 hrs and 
gone by 24 hrs). Later responses (e.g., Th1/Th2 cell fate decisions, antigen-specific memo- 
ry) are evoked by subsequent RANKL production at high levels (expression peaks at 48 hrs 
and is sustained through 96 hrs) on both CD4 + and CD8 + T cells. 

Abbreviations: CD40L, CD40 ligand; DC, dendritic cell; MHC, major histocompatability com- 
plex; TCR, T cell receptor. This figure is adapted (with the publisher's permission) from [40]. 



mediated functions in mucosal DCs versus splenic DCs [179]. Thus, RANKL/ 
RANK interactions can regulate DC functions, T cell activation and memory induc- 
tion, and T cell/DC communication - and do so in a tissue-specific fashion. 

OPG reasonably might be presumed to control these RANKL-regulated immune 
cell interactions. OPG is produced by and binds to DCs, the latter property appar- 
ently mediated by attachment of hyaluronic-binding domains of OPG to the DC sur- 
face [45]. Serum OPG concentrations are increased significantly in disorders char- 
acterized by persistent immune system activation [180]. OPG binds both RANKL 
[10, 11] and TRAIL [60], suggesting that the dynamic equilibrium between this trio 
of proteins might govern the fate of DCs - particularly at sites of active inflamma- 
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tion. However, in vivo interactions of consequence only exist for RANKL with 
OPG, and not for TRAIL with OPG [61]. Furthermore, the outcome of OPG-medi- 
ated RANKL inhibition in vivo is limited to preserving the structural integrity of 
arthritic joints, and not to reducing inflammation [127, 128, 136]. Thus, the anti- 
erosive effects provided by RANKL inhibition will dwarf any improvement in the 
inflammatory component of arthritis. 



Other activities for the OPG/RANKL/RANK pathway 

The OPG/RANK/RANKL pathway appears to act mainly in regulating the func- 
tions of the skeletal and immune systems. However, molecules of this signaling path- 
way also have fundamental roles in mammary gland development and vascular biol- 
ogy. 

RANKL is an essential morphogen for the mammary gland (reviewed in [181]). 
Epithelium in the mammary gland expresses RANK as the lobulo-alveolar conduits 
are assembled [182]. A likely biological explanation for this arrangement is that 
RANKL-mediated increases in osteoclast activity are necessary to mobilize maternal 
calcium from bone during lactation. Pregnant mice lacking Rankl or Rank do not 
form mammary glands, which results in neonatal death by starvation [182]. If one 
of these two molecules is missing, epithelium in budding glands undergoes reduced 
proliferation in conjunction with enhanced apoptosis. Administration of exogenous 
RANKL to pregnant Rankl animals reverses mammary gland agenesis. 

Surprisingly, OPG is an important factor for maintaining vascular health. OPG 
is an NF-KB-dependent survival factor for endothelial cells [183]. In addition, OPG 
is required for arterial wall integrity as indicated by buildup of calcified plaques in 
large muscular arteries of Opg~'~ mice [140]. These lesions occur in the tunica 
media, a site at which OPG normally is expressed [49]. Vascular expression of OPG 
occurs in smooth muscle cells, not endothelial cells [184], and can be regulated in 
both positive [184] and negative [185] fashions. In contrast, RANKL and RANK 
normally are absent at this site, though these two molecules are found in conjunc- 
tion with the calcified foci [139]. The vascular mineralization can be prevented by 
over-expression of OPG throughout development in Opg~ f ~ mice, but administra- 
tion of OPG after lesions are formed cannot rescue the arterial walls [139]. Inter- 
estingly, bone resorption is linked to vascular calcification in warfarin-treated rats 
[186] and postmenopausal women [187, 188]. However, women with osteoporosis 
usually develop calcification of the tunica intima, often adjacent to atherosclerotic 
plaques. The relationship, if any, between RANKL-mediated lesions in Opg~ f ~ mice 
and arterial calcification during postmenopausal osteoporosis remains to be deter- 
mined. Nevertheless, OPG clearly is associated with altered cardiovascular function 
in humans, as the presence and severity of coronary artery disease is correlated sig- 
nificantly with serum OPG concentrations [189]. OPG and RANKL are expressed 



244 




Receptor activator of nuclear factor Kp ligand (RANKL) versus osteoprotegerin (PPG) 



in early and advanced atherosclerotic lesions [190], and certain polymorphisms in 
the promoter region of the OPG gene are associated with decreased arterial blood 
flow in healthy people [191]. Further research will be required to ascertain whether 
or not OPG plays a role in the pathogenesis of reduced arterial elasticity in patients 
with RA [192]. 

Therapeutic promise of RANKL/RANK inhibition 

Preclinical experience with RANKL blockade in arthritic animals 

Bone turnover is substantially diminished when circulating OPG concentrations 
exceed 10 ng/ml (in OPG-transgenic mice [49]) to 30 ng/ml (in normal cynomolgus 
monkeys [193]). As shown in Table 3, administration of a RANKL-binding mole- 
cule (OPG) effectively bars skeletal resorption in the face of severe, chronic inflam- 
mation. In animals with experimental arthritis, recombinant OPG completely pre- 
vents loss of bone mineral density and bone erosion in arthritic joints, but does not 
impact inflammation [22, 127, 128, 136] (Fig. 4). Articular cartilage is also sus- 
tained by OPG, although this effect is an indirect result of protecting subchondral 
bone [22, 127, 128, 167]. Treatment with OPG does not alter expression of RANKL 
or OPG in the inflamed joints [128]. Maintenance of bone in arthritic joints by OPG 
treatment depends on both the dose [22, 127] and treatment schedule [127], with 
better preservation afforded by early intervention (near disease onset). Furthermore, 
a seven-day OPG course beginning at disease onset prevents erosions for three 
weeks [127], while a single OPG dose at disease onset is effective for only four days 
[136]. Plausible explanations for this result are that one OPG dose removes only 
mature osteoclasts, while multiple doses also ablate newly differentiated cells, or 
that so much RANKL is produced in arthritic joints that a single OPG dose cannot 
completely inhibit RANKL activity. Therefore, the best therapeutic efficacy in active 
arthritis likely will require multiple doses of a RANKL inhibitor given intermittent- 
ly. Taken together, the implication of these studies is that RANKL blockade should 
be initiated as early as possible to reduce the degree of bone and cartilage destruc- 
tion in arthritic joints. 

Administration of a RANKL inhibitor in combination with agents that inhibit 
IL-1 and TNFa may enhance anti-erosive efficacy. Several facts support this con- 
tention: 

- First, administration of such agents can normalize serum RANKL levels [99]. 

- Second, IL-lp and TNFa are potent pro-resorptive cytokines that direct destruc- 
tion of bone and cartilage in RA [194], with TNFa appearing to exert primary 
control over osteoclast differentiation while IL-1 mainly regulates osteoclast func- 
tion [195, 196]. Flowever, IL-1 does augment osteoclast differentiation in the pres- 
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Table 3 - In vivo efficacy of recombinant osteoprotegerin (OPG) 1 , a direct-acting RANKL inhibitor, in animal models of immune-medi- 
ated arthritis or osteoporosis and in human clinical trials 
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1 Fusion of the constant (Fc) region of human immunoglobulin to the RANKL-binding region of OPG substantially extends the circu- 
lating half-life 
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ence of RANKL-producing activated T cells [197], apparently through direct acti- 
vation of osteoclasts via IL-1 receptor types I and II [198]. 

- Third, the effects of IL-1 and TNF on osteoclasts are mediated chiefly by RANKL 
[63]. 

- Fourth, both cytokines induce RANKL expression in vascular endothelial cells 
[199], suggesting that new capillaries in the pannus tissue that erodes bone are 
likely an important additional source of pro-resorptive ligands. 

- Fifth, molecules that inhibit IL-1 and TNF effectively preserve the architecture of 
arthritic joints in their own right [200]. 

Both IL-1 and TNF are reported to kindle osteoclast production through RANKL- 
independent pathways [195, 201-204]. However, in mice the capacity of TNF to 
manipulate osteoclasts in a RANKL-independent manner depends on strain-specif- 
ic differences in cytokine production; furthermore, the efficiency of osteoclastogen- 
esis mediated by TNF is much lower than that elicited by RANKL [205]. A recent 
report suggests that TNF does not induce osteoclastogenesis, but rather targets 
macrophages that have been primed with minuscule amounts of RANKL [206]. 
Neither IL-1 nor TNF induces osteoclast formation in Rank mice [63], indicating 
that bone preservation by IL-1 and TNF inhibitors likely is an indirect result of 
quenching joint inflammation and the downregulation of RANKL production by 
activated leukocytes. 



Human clinical experience with RANKL inhibition 

As in animal models of disease, RANKL inhibition also is an effective means of 
inhibiting bone turnover in humans (Tab. 3). A single subcutaneous injection of 
recombinant OPG into healthy postmenopausal women [207] or patients with 
advanced osteolytic neoplasia involving multiple bones [208] yields rapid and pro- 
found reductions in bone turnover for weeks. Thus, administration of OPG to block 
RANKL-mediated bone resorption is efficacious in humans, even in the face of 
aggressive bone-eroding skeletal diseases. RANKL elaborated by activated T cells 
and synovial fibroblasts regulates osteoclast differentiation in joints of RA patients 
[22, 98, 157], suggesting that RANKL blockade should be an effective therapeutic 
strategy for sparing joint architecture in this disease. However, clinical trials of 
RANKL inhibitors have yet to be initiated in RA. 



Summary 

The OPG/RANK/RANKL pathway obviously plays a critical role in defining the 
extent of skeletal destruction in severely inflamed joints. In this setting, RANKL 
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derived from activated leukocytes and synovial fibroblasts promotes osteoclastoge- 
nesis, osteoclast activation, and osteoclast survival. This pro-erosive impetus is 
countered by OPG, which serves as a RANKL sink and thereby prevents osteoclast 
expansion, activation, and persistence. RANKL serves as the final common media- 
tor for many pro-resorptive ligands - including numerous cytokines - and, there- 
fore, serves as a final common signal to promote bone destruction. Thus, joint 
integrity in arthritis will depend chiefly on the balance between OPG and RANKL, 
with skeletal dissolution occurring when the OPG:RANKL ratio is low (i.e., the 
quantity of RANKL exceeds the amount of OPG available to sequester it). 



Figure 4 

Even in the presence of severe inflammation , OPG directly prevents bone erosion and indi- 
rectly inhibits cartilage destruction in rats with adjuvant- induced arthritis (AdA) 

Panels 1-3: Navicular tarsal bone , hind paw. Normal animals (1) have thick cortical bone (B) 
with smooth periosteal and endosteal bone surfaces , thick bony trabeculae (T) dividing the 
fat-filled marrow cavity (!\A), and intact joint cartilages (C) resting on subchondral bone 
plates. Relative to normal controls , animals with untreated AdA (2) feature marked reduc- 
tion and loss of cortical and trabecular bone , extensive osteophyte production (O), and 
replacement of the fatty marrow by necrotic inflammatory cells (N) at the peak of clinical 
arthritis (seven days after disease onset). Injection of AdA rats with OPG (3) at doses 
> 1 mg/kg (by subcutaneous bolus for seven days beginning at disease onset) precludes bone 
erosion; thus , cartilage architecture is preserved even though inflammatory cells fill the mar- 
row (I) and the expanded synovial tissue ( pannus , P). 

Panels 4-7: Tibiotarsal joint , hind paw. In normal animals (4), cartilage lining the joint cav- 
ities (J) and comprising the growth plate of the distal tibia (white asterisks) have intact 
matrix proteoglycans (as indicated by uniform toluidine blue staining ), and cortical and tra- 
becular bone is intact. Rats with untreated AdA (5) are characterized by extensive inflam- 
mation surrounding and within the joint cavity - including extension of pannus (P) along 
cartilage surfaces; loss of cartilage proteoglycans is indicated by multifocal absence of tolu- 
idine blue staining due to penetration of the subchondral bone (arrows) and/or overgrowth 
of pannus (arrowheads). The growth plate (normal position indicated by black asterisk) and 
associated bone trabeculae of the distal tibia are absent. Even while severe inflammation is 
ongoing , administration of OPG (as described above) to AdA rats protects bone and carti- 
lage matrix integrity by preserving subchondral bone (6), although some proteoglycan loss 
may occur at the periphery of joints in which invasion by pannus (P) is extensive (7, arrow- 
heads). The primary spongiosa of OPG-treated animals (white asterisks) are thickened rela- 
tive to those of normal rats. 

Other abbreviations: E, epiphysis of the distal tibia; Ta, talus. 

Panels 1-3: Hematoxylin and eosin (for general joint architecture ), bars = 400 mm. 

Panels 4-7: Tibiotarsal joint , toluidine blue (for cartilage matrix integrity ), bars - 250 mm. 
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Inhibition of RANKL is a proven means of reducing joint erosions in experi- 
mental models of immune-mediated arthritis [22, 127, 128, 209]. Because the 
pathogenesis of skeletal damage in these models is similar to that reported in human 
patients with RA, RANKL blockade should prove to be a suitable therapeutic strat- 
egy in people once suitable agents have been tested. The degree of bone protection 
will depend on the treatment schedule, with early and aggressive intervention yield- 
ing more complete preservation, and periodic re-treatment required to control 
osteoclasts and prevent erosions over time. Despite the apparent importance of 
RANKL as a mediator in dendritic cell-T cell communication, RANKL blockade 
has little impact on the severity of inflammation in the arthritic joint. Thus, long- 
term treatment of joint inflammation likely will require combination therapy with 
both a RANKL inhibitor (to provide maximal protection of skeletal integrity) with 
one or more anti-inflammatory agents (to quench inflammation, thereby removing 
the irritant that promotes continued osteoclast net activity). 
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Introduction 

Bone is a dynamic tissue, composed of cells, collagenous matrix and inorganic ele- 
ments. Per year, it has been estimated that 10% of the total bone mass in humans is 
being remodeled [1]. The growth, development and maintenance of bone is a high- 
ly regulated process [2]. Morphogenesis and remodeling of bone involve coordinate 
regulation of bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts) 
[3, 4]. Osteoblasts and osteoclasts arise from distinct cell lineages by physiological- 
ly controlled processes that involve cytokine, growth factors and hormones [4, 5]. 
Osteoblasts arise from mesenchymal stem cells, whereas osteoclasts differentiate 
from hematopoietic monocyte/macrophage precursors. Osteoclasts are rarely seen 
under normal conditions. Imbalance between osteoclast and osteoblast activities can 
arise from a wide variety of hormonal changes or perturbations of inflammatory 
and growth factors, resulting in skeletal abnormalities characterized by decreased 
(osteoporosis) or increased (osteopetrosis) bone mass. Increased osteoclast activity 
is also seen in many pathological disorders, including Paget’s disease, lytic bone 
metastases, postmenopausal osteoporosis, or rheumatoid arthritis (RA), leading to 
net loss of bone. The discovery of the RANKL/RANK/OPG pathway was a major 
breakthrough in the understanding of the molecular mechanism of bone erosion. 
RANKL, RANK and OPG are three key molecules that regulate osteoclast recruit- 
ment and function (Fig. 1). 



RANKL/RANK/OPG system 

RANKL was cloned simultaneously by four independent groups [6-9]. The RANKL 
gene encodes a TNF superfamily molecule of 316 amino acids (38 kDa), and three 
RANKL subunits assemble to form the functional trimeric molecule. This trimeric 
RANKL is initially made as a membrane anchored molecule. Metalloprotease dis- 
integrin TNFa convertase (TACE) and TACE-like proteases are able to release the 
cell surface RANKL as a soluble homotrimeric molecule by proteolytic cleavage 
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[10]. RANKL is an absolute requirement for osteoclast development, and it plays an 
important role in T cell differentiation as well. RANKL deficient (RANKL -7- ) mice 
exhibit typical osteopetrosis with total occlusion of bone marrow space within 
endosteal bone. RANKL -7- mice lack osteoclasts but have normal osteoclast prog- 
enitors that can differentiate into functionally active osteoclasts when co-cultured 
with normal osteoblasts/stromal cells. In addition, RANKL -7- mice completely lack 
lymph nodes and have a defect in B and T cell maturation and thymocyte differen- 
tiation [11]. The receptor for RANKL is RANK, a member of the TNF receptor 
superfamily. RANK is expressed as a transmembrane heterotrimer on the surface of 
hematopoietic osteoclast progenitors, mature osteoclasts, chondrocytes and mam- 
mary gland epithelial cells [6, 12]. RANK failed to bind to other members of the 
TNF ligand family such as Fas ligand, CD27 ligand, CD30 ligand, CD40 ligand, 
TNFa or TRAIL [13]. RANK deficient (RANK -7- ) mice showed a similar osteo- 
petrotic phenotype as the RANKL -7- and RANK -7- mice exhibit a deficiency of B 
cells [14, 15]. 

OPG is a soluble decoy receptor that binds RANKL, preventing RANKL from 
binding to its receptor RANK. OPG transgenic mice also showed an osteopetrotic 
phenotype, although there appears to be no defect in lymphoid tissue development 
[16]. In contrast, the OPG deficient (OPG -7- ) mice develop severe osteoporosis, like- 
ly due to unopposed osteoclast-inducing activity of endogenous RANKL [17]. 



Osteoclast differentiation and activation by osteoblasts 

Osteoblasts/stromal cells are crucially involved in osteoclast development and in the 
activation of osteoclasts function. Cell-to-cell contact between cells of the osteoblast 
lineage and hematopoietic cells is necessary for inducing differentiation of osteo- 
clasts [13]. Development of osteoclasts proceeds within the local microenvironment 
of bone [4, 18-20]. This process can be replicated ex vivo using the co-culture of 
mouse calvarial osteoblasts and spleen cells [5, 21-24]. Macrophage colony-stimu- 
lating factor (M-CSF, also known as CSF-1) is crucial for osteoclast formation [25]. 
Osteoclasts are derived from cells of the monocyte/macrophage lineage. However, 
the mechanism by which osteoclast progenitors enter and leave the circulation is not 
fully understood. Cytokines such as IL-6, IL-11, oncostatin M, and leukemia 
inhibitory factor (LIF) stimulate osteoclast formation in co-cultures of osteoblasts/ 
stromal cells and hematopoietic cells in which osteoblasts/stromal cells are the tar- 
get cells [13]. These cytokines induce RANKL as a membrane-associated factor in 
osteoblasts/stromal cells. Osteoclast progenitors of the monocyte/macrophage lin- 
eage recognize RANKL in osteoblasts/stromal cells through cell-to-cell interaction, 
and then differentiate into osteoclasts. M-CSF, produced by osteoblasts/stromal 
cells, is a prerequisite for both proliferation and differentiation of osteoclast prog- 
enitors [13]. 
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Osteoblasts/stromal cells can now be replaced with RANKL and M-CSF in deal- 
ing with the whole life of osteoclasts [13]. Both RANKL and IL-1 lead to enhanced 
osteoclast function even in the absence of osteoblasts/stromal cells (Fig. 1). RANKL 
can be replaced with IL-1 to induce survival, fusion and activation of osteoclasts. 
However, IL-1 could not support differentiation of osteoclast precursors into prefu- 
sion osteoclasts (pOCs) even in the presence of M-CSF when osteoblasts/stromal cells 
were absent. This suggests that RANKL is involved in physiological bone resorption, 
whereas IL-1 is involved in pathological bone resorption such as RA [13, 26]. 

It has been shown that TNFa can induce osteoclast formation in vitro via a 
mechanism that is independent of the RANKL/RANK signaling pathway [26]. In 
this in vitro system, osteoclast progenitors not only express RANK and c-Fms (M- 
CSF receptor), but also TNF receptors type I (p55) and II (p75). Osteoclast forma- 
tion induced by RANKL was completely inhibited by adding OPG to the cultures. 
However, osteoclastogenesis induced by TNF was not blocked by OPG, but was 
blocked after adding antibodies against TNFR1 and TNFRII. These TNF antibod- 
ies had no effect on the RANKL induced osteoclastogenesis [26, 27]. TRAF2-medi- 
ated signals seem to play an important role in osteoclast differentiation induced by 
TNFa [26]. However, TRAF5 [28] and TRAF6 [29] also participate in TNFa 
induced osteoclastogenesis. On the other hand, it has been shown that TNFa alone 
does not induce osteoclastogenesis [30]. TNFa induces osteoclastogenesis in vitro 
and in vivo by directly targeting macrophages within a stromal environment that 
expresses permissive levels of RANKL [30]. Interestingly, although TNFa may stim- 
ulate differentiation of osteoclasts it did not activate osteoclasts to resorb bone. In 
contrast, IL-1 does not induce differentiation of osteoclasts in macrophage cultures 
without osteoblasts/stromal cells. However, IL-1 does stimulate pit-forming activity 
of the osteoclasts formed [13]. The IL-l/IL-1 receptor signaling pathway involves 
TRAF6 but not TRAF2 [27, 31]. This indicates that various TRAFs regulate differ- 
ent phases of osteoclast biology with TRAF2 and TRAF5 involved in osteoclasto- 
genesis while TRAF6 controls both formation and activation [31]. 



Involvement of the inflamed synovial infiltrate in osteoclast differentiation 
and activation 

RA is a chronic inflammatory joint disease, and bone erosion is a major complica- 
tion. In areas of pannus infiltration, erosion of calcified cartilage and subchondral 
bone is common, leading to characteristic marginal erosions seen radiographically 
in this disease. The area of contact between pannus and cartilage/bone represents an 
erosive front, and the role of osteoclasts in erosion of bone in RA and in animal 
models of arthritis has been documented [32-37]. It was demonstrated that osteo- 
clast formation can occur in the absence of any bone or bone marrow-derived cells 
[38]. Furthermore, it has been shown that synovial macrophages are capable of dif- 
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Figure 1 

Schematic overview of different cell types and cytokines in the regulation of the RANKL/OPG balance and bone resorption 
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ferentiating into osteoclasts in the presence of rheumatoid synovial fibroblasts [38], 
revealing that rheumatoid synovial cells contain both osteoclast progenitors and 
stromal cells supporting their differentiation [38]. RANKL may play an important 
role in this differentiation pathway, as RANKL is considered a novel key regulator 
of osteoclastogenesis [11]. Many known cytokines that stimulate bone resorption 
act through the upregulation of this novel and essential factor. The synovial lining 
is normally a thin layer, one to two cells in thickness, which consist of type A and 
type B cells, showing macrophages and fibroblast-like properties. During (chronic) 
joint inflammation, considerable thickening of the lining is a characteristic event, 
and the subsynovial tissue becomes infiltrated by numerous macrophages and lym- 
phocytes. Therefore, osteoclasts differentiated from monocyte/macrophage precur- 
sors in the synovial membrane are probably involved in bone destruction in arthri- 
tis. Interestingly, RANKL expression has been found in synovium of RA patients 
and in experimental arthritis models [11, 36, 39-42]. Recently, a marked increase 
in the number of cells expressing RANK (the receptor for RANKL) was found in the 
synovium of mice with collagen-induced arthritis (CIA) [42]. RANK expression in 
CIA correlated with the progression of synovial inflammation and clinical severity 
in evolving CIA (Fig. 2, A and B). Interestingly, RANK expression demonstrated a 
gradient pattern with increased numbers of RANK-positive cells within the synovial 
infiltrate in areas closer to periosteum and cortical bone (Fig. 2, C and D). In areas 
where RANK-positive cells were abundant, TRAP-positive, multinucleated osteo- 
clast-like cells were also present at sites of focal bone erosion, suggesting differenti- 
ation of synovially derived RANK-positive osteoclast precursor cells into osteo- 
clasts. In addition, TRAP-and cathepsin K-double-positive osteoclasts-like cells were 
detected on the synovial side of cortical bone at sites of early and advanced cortical 
bone erosion. Sites of RANK expression also correlated well with sites of RANKL 
expression, and there was a close correlation of the temporal expression of the 
receptor-ligand pair [42]. It would be of great interest to identify the lineage and ori- 
gin of RANK-positive osteoclast precursor cells in the synovium. It has been shown, 
that RA synovial macrophages are capable of differentiating into osteoclastic bone- 
resorbing cells in vitro in the presence of RANKL and macrophage colony-stimu- 
lating factor [43]. The exact identity and stage of differentiation of RANK-express- 
ing cells in the synovium is not yet known, but it is hypothesized that these are cells 
of the monocyte/macrophage lineage that can differentiate into osteoclasts in the 
presence of RANKL in vivo . The identities of the local factors within the bone mic- 
roenvironment which are responsible for the upregulation of RANK and RANKL 
are also not known. In previous studies, using fragments of devitalized bone or poly- 
meric material implanted subcutaneously in rats it was shown that bone fragments 
induced the differentiation of osteoclasts-like cells from precursors within the for- 
eign-body granuloma [44, 45]. These findings suggest that the bone substrate itself 
can directly regulate the attachment and differentiation of osteoclast precursors into 
osteoclasts. Further support of synovial derived osteoclastogenesis and the involve- 
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Figure 2 

Expression of receptor activator of nuclear factor kB (RANK) at sites of focal bone erosion 
DBA-1 mice were immunized with type II collagen and knee joints were taken for histology 
at the time of established collagen arthritis. 

A, C - RANK-positive cells at site of focal bone erosion. 

B, D - No RANK-positive cells were detected in serial sections of the area using a control 
rabbit IgG antibody. 

C, cartilage; sb, subchondral bone; cb, cortical bone; tb, trabecular bone; bm, bone marrow; 
s, synovitis. (Original magnification x 200 in A and B; x 400 in C and D). This figure is part- 
ly adapted from [42]. 



ment of these osteoclasts in bone erosion were reported for psoriatic arthritis [46]. 
For this form of arthritis it was shown that osteoclast precursors arise from TNFoc- 
activated PBMCs that migrate to the inflamed synovium and subchondral bone, 
where they are exposed to unopposed RANKL and TNFa. This leads to osteoclas- 
togenesis at the erosion front and in subchondral bone, resulting in a bidirectional 
assault on psoriatic bone [46]. 
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Neutralizing RANKL (OPG treatment) in experimental models of arthritis 

RANKL is a crucial cytokine in osteoclastogenesis and bone resorption and all fac- 
tors that inhibit or enhance bone resorption, via osteoclasts, act via regulation of the 
RANKL/OPG balance (Fig. 1). Therefore, RANKL seems an interesting target for 
therapeutic intervention. 

Several groups using different experimental arthritis models have shown the suc- 
cess of preventing bone erosion after neutralizing RANKL by the decoy receptor 
OPG. Studies in adjuvant arthritis (AdA) suggest that RANKL is involved in bone 
erosion and cartilage destruction, since systemic OPG treatment at the onset of dis- 
ease prevents bone and cartilage destruction but not inflammation [47]. Further- 
more, OPG reduces osteoclast numbers and prevents bone erosion in collagen- 
induced arthritis [48]. Although cartilage loss was also reduced by systemic OPG 
treatment, the effect was less striking than that on bone [48]. Uncoupling of carti- 
lage and bone erosion has been shown using the serum transfer model in RANKL 
deficient mice [49]. Significant reduction of bone erosion and complete absence of 
multinucleated TRAP positive osteoclast-like cells were noted under these condi- 
tions. Interestingly, cartilage erosion was present in both the arthritic RANKL 
knockout mice and in arthritis control littermates [49]. These data support the 
requirement for RANKL in osteoclast-mediated bone erosion but also shows that 
cartilage destruction can take place independent of RANKL. Local OPG gene ther- 
apy in CIA suppressed the number of TRAP-positive and cathepsin K positive cells 
in the synovium and prevented bone erosion and cartilage destruction [50]. More- 
over, OPG alone or in combination with biphosphonates is an effective therapeutic 
tool for the prevention of TNFa-mediated destruction of bone by reducing the num- 
ber of bone-resorbing cells in the inflammatory tissue [51]. Furthermore, OPG pro- 
tected against generalized bone loss in TNFtg mice [52]. These data strongly indi- 
cate that OPG may represent a potent tool to prevent bone loss in chronic inflam- 
matory disorders. However, OPG does not control the inflammatory aspects and 
direct protective effect on cartilage is still not fully identified [53]. Therefore, fur- 
ther understanding of the cytokine network identifying how the crucial cytokines 
interact in the stimulation of RANKL and OPG is of great importance for the devel- 
opment of therapeutic strategies for destructive arthritis. 



The influence of activated T cells on osteoclastogenesis and bone erosion 

Both synovial T and non-T cell populations from RA patients expressed RANKL, 
but not OPG. Fibroblasts isolated from the same adult RA joints failed to express 
RANKL [1]. Interestingly, activated T cells can directly trigger osteoclastogenesis 
through RANKL [47]. Activated human T cells can directly induce osteoclastogen- 
esis from human monocytes [54]. Furthermore, both soluble and membrane-bound 
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RANKL is produced by activated CD4 + and CD8 + T cells [8, 47]. Double immunos- 
taining of synovial tissue of RA patients revealed that RANKL-positive cells were 
detected in a subset of CD3 + and CD4 + cells [54]. Anti-CD3 induced RANKL 
expression in T cell hybridoma cells and splenic T cells and RANKL expressed on 
T cells could effectively induce osteoclast formation from the whole population of 
murine splenocytes. Antigen receptor engagement induces RANKL expression 
which is dependent on TCR activation-induced Ca 2+ mobilization since its expres- 
sion can be blocked by cyclosporine A and TMB-8, a Ca 2+ mobilization inhibitor 
[55]. Moreover, it has been shown that RANKL is regulated by calcineurin, 
ERK1/ERK-2 and PKC-regulated signaling pathways [8, 47]. 

CTLA4 _/_ deficient mice have spontaneously activated T cells and displayed 
severe osteoporosis compared with heterozygote littermates which could be blocked 
by OPG [47]. Interestingly, transfer of CTLA4 _/_ bone marrow cells into lympho- 
cyte-deficient RAG-l _/_ mice caused a significant decrease in total and trabecular 
bone mineral densities compared with control CTLA4 + /-RAGl _/_ chimaeric mice. 
Similar loss in bone was observed after transfer of purified CTLA4 _/_ T cells into 
RAGl" /_ or RANKL _/_ mice, implying that activated T cells can directly cause bone 
loss in vivo [47]. Moreover, it has been shown that transgenic over-expression of 
RANKL in T cells restores osteoclastogenesis in a RANKL _/_ background and par- 
tially restores normal bone marrow cavities [56]. Thus, systemic activation of T cells 
leads to bone loss, indicating that T cells through RANKL are crucial mediators of 
bone loss in vivo (Fig. 1). Moreover, RANKL expression on activated T cells may 
provide a bridge between bone biology versus immune system [57]. 



Cytokine regulation of the RANKL/OPG balance and bone erosion in 
inflammatory diseases 

A large number of cytokines are able to regulate the RANKL/OPG balance, such as 
IL-1, TNFa, IL-6 family of cytokines [13], IL-4, IFNy, IL-17, OPN [58], IL-7 [59, 
60], IL-12, IL-18 [61], IL-15 [62]. A selection of these cytokines will be discussed in 
more detail with a focus on the contribution of how T cell cytokines regulate the 
RANKL/OPG balance. 



IL-4 

The anti-inflammatory cytokine IL-4 is a strong inhibitor of macrophage activity 
and their secreted cytokines (Fig. 1). In an ex vivo model of bone resorption using 
juxta-articular samples of bone obtained during joint surgery, IL-4 treatment pre- 
vents osteoclast formation [63]. Previously, we reported that local IL-4 gene thera- 
py in collagen-induced arthritis prevents osteoclastogenesis and bone erosion 
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Figure 3 

Histological analysis of bone erosion in CIA after local IL-4 gene therapy 
DBA-1 mice were immunized with type II collagen and just before expected onset of CIA 
intra-articularly injected in the knee joint with 10 7 PFU of an adenoviral vector expressing 
IL-4 (AdlL-4) or control virus (AdControl). Seven days later, mice were sacrificed by cerval 
dislocation , and the knee joints were taken for histology No differences in severity were 
found in the infiltrate and exudates between Ad IL-4 and AdControl group (data not shown). 
Loss of subchondral and cortical bone in the patella and femur/tibia region was separately 
scored on a scale of 0-3. Results are the mean ± SD of four separate experiments with at 
least eight mice per group per experiment. P < 0.001; P < 0.003; P < 0.005 versus control 
group , by Mann- Whitney rank sum test. This figure is partly adapted from [41]. 



(Fig. 3) [41]. IL-4 over-expression in the knee joint of mice with collagen arthritis 
greatly prevented joint damage and bone erosion, although severe inflammation 
remained unchanged. Significantly decreased numbers of TRAP positive cells were 
noted after local IL-4 gene therapy, indicating inhibition of the formation of osteo- 
clast-like cells. Furthermore, synovial T cell IL-17 mRNA expression and RANKL 
protein expression was markedly suppressed by local IL-4. Of interest, IL-4 sup- 
pressed type I collagen breakdown in vitro and enhanced synthesis of type I procol- 
lagen, suggesting that it promoted tissue repair [41]. Interestingly, local IL-4 expres- 
sion in mice with collagen arthritis enhanced the mRNA expression of synovial 
OPG (Lubberts et al, unpublished observations). PPARyl seems to play an impor- 
tant role in the suppression of osteoclasts formation by IL-4 [64]. IL-4 inhibits 
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osteoclast differentiation by antagonizing NF-kB activation in a STAT6-dependent 
manner and by blockade of the JNK, p38 and ERK mitogen-activated protein kinase 
pathway [65-67]. IL-4 reduces NF-kB nuclear translocation by inhibiting IkB phos- 
phorylation, thus markedly inhibiting NF-kB DNA binding activity and blocking 
osteoclastogenesis entirely [65]. IL-4 fails to block osteoclastogenesis in STAT6 _/ “ 
deficient mice but this blockade could be restored with addition of exogenous 
STAT6 [65]. Recently, two distinct actions of IL-4 to inhibit osteoclast formation 
were identified, including a direct action on myelomonocytic progenitors (from 
which osteoclasts derive) and an indirect action through T cells that may involve 
novel anti-osteoclastic factors [68]. 



IFNy 

In autoimmune arthritis, enhanced osteoclastic bone resorption causes severe bone 
damage leading to progressive joint destruction in which T cell expression of 
RANKL may have a critical function [47]. In fact, activated T cells promote osteo- 
clastogenesis through RANKL expression in vitro [47, 69]. Exacerbation of osteo- 
clast formation and bone destruction has been found in mice lacking one of the 
interferon-y (IFNy) receptor components [70-73]. Using an established model of 
endotoxin-induced bone resorption, in which the essential involvement of T cells 
has been documented, an exacerbation of osteoclast formation and bone destruction 
was observed in mice lacking one of the IFNy receptor components [70]. This is in 
line with the observation of enhanced severity in the collagen-induced arthritis 
model in IFNy receptor deficient mice [72, 73]. These data indicate that IFNy may 
be a critical factor in maintaining bone integrity through a T cell mediated process 
[70]. Furthermore, it was shown in vitro that T cell production of IFNy strongly 
suppresses osteoclastogenesis by interfering with the RANKL/RANK signaling path- 
way [70]. Moreover, IFNy induces rapid degradation of the RANK adapter protein, 
TRAF6, which results in strong inhibition of the RANKL-induced activation of the 
transcription factor NF-kB and JNK [70]. IFNy alone had no effect on TRAF6 
expression, suggesting that accelerated TRAF6 degradation by IFNy requires 
RANKL signaling [70]. RANKL induces the interferon-p (IFNp) gene in osteoclast 
precursor cells, and the IFN(3 inhibits osteoclasts differentiation by interfering with 
the RANKL-induced expression of c-Fos, which is an essential transcription factor 
for the formation of osteoclasts [74]. Interestingly, the IFNp gene induction mecha- 
nism is dependent on c-Fos itself, indicating that the RANKL-induced c-Fos induces 
its own inhibitor [74]. On the other hand, local over-expression of IFNy in the knee 
joint of mice with immune complex arthritis aggravated bone erosion (Lubberts, 
Van Lent, Nabbe, Van den Berg, unpublished observations). This suggests a dual 
role of IFNy in the bone erosion process in vivo in which the present of T cells or T 
cell derived factor(s) will determine the net effect of IFNy. 
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TGFp 

The role of transforming growth factor beta (TGFp) on osteoclastogenesis is com- 
plex, with both positive and negative effects on osteoclastogenesis and bone resorp- 
tion. The reason for this seems to be, in part, due to differential effects on bone mar- 
row stromal cells that support osteoclastogenesis versus direct effects on osteoclas- 
tic precursor cells (Fig. 1). It has been shown that TGFp negatively regulates 
osteoclastogenesis, at least in part, through the induction of OPG by osteoblasts as 
well as in osteoblastic/stromal cell lines [75-77]. The effect of TGFp was mimicked 
by TGFp2 and p3 but not by BMP-4, suggesting a TGFp signal specific effect [77]. 
Furthermore, mutation of a Cbfal -binding element and/or Smad-binding element in 
the OPG promoter region resulted in a reduction in baseline expression and in 
responsiveness to TGFp and Cbfal. This suggests the involvement and possible 
interaction of Cbfal and Smad proteins in mediating the effects of TGFp on the 
OPG promoter [77]. In contrast, in the absence of osteoblast/stromal cells, TGFp 
greatly increased osteoclast formation in recombinant RANKL or TNFa stimulated 
cultures of hematopoietic cells or RAW 264.7 macrophage-like cells, indicating that 
TGFp may increase osteoclast formation via action on osteoclast precursors [78]. 
Moreover, the macrophage deactivator TGFpl strongly promoted TNFa induced 
osteoclast-like cell formation from immature bone marrow macrophages that could 
be abolished by IFNy [79]. Another way that TGFp promotes osteoclastogenesis and 
bone resorption is by increasing the expression of RANK, the receptor for RANKL 
[80]. Induction of RANK expression by TGFp was observed in both undifferentiat- 
ed RAW cells as well as in cells that had been induced to differentiate into osteo- 
clasts by seven days treatment with M-CSF and RANKL [80]. Thus, TGFp may act 
via more than one mechanism and although RANKL (or TNFa) is essential for 
osteoclast formation, factors such as TGFp may powerfully modify the impact of 
osteoclastogenic stimuli [78]. 



IL-17 

Interleukin- 17 (IL-17) is a proinflammatory cytokine produced only by cells of the 
immune system, which contribute to joint pathology associated with RA [81]. IL-17 
induces the production of proinflammatory mediators such as IL-1 and TNFa from 
several joint cells [82-85]. In addition, IL-17 is a potent stimulator of osteoclasto- 
genesis (Fig. 1). Strong additive/synergistic responses between IL-17 and IL-l/TNF 
have been documented [86]. Flowever, IL-17 itself has IL-1 -independent catabolic 
capacity as well [87, 88]. Promotion of type I collagen degradation in synovium and 
bone by IL-17 has been demonstrated, and when combined with IL-1, a marked 
synergistic release of collagen was noted [89]. IL-17 in combination with TNFa 
increased osteoclastic resorption in vitro [90]. Furthermore, IL-17 induced the 
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expression of RANKL in cultures of osteoblasts [91]. IL-17 greatly stimulated osteo- 
clast formation via a cell-to-cell interaction between osteoclast progenitors and 
osteoblasts [91]. IL-17 increased PGE 2 synthesis in cultures of osteoblasts. In addi- 
tion, IL-17 induced the expression of RANKL mRNA in osteoblasts. Interestingly, 
OPG or a selective inhibitor of COX-2 can both completely inhibit the IL-17- 
induced osteoclast differentiation in co-cultures of mouse bone marrow cells and 
osteoblasts [91]. Early neutralization of IL-17 using sIL-17R:Fc fusion protein given 
systemically starting before arthritis expression in experimental arthritis prevented 
bone erosion [87, 92]. When anti-IL-17 antibody therapy was given after the onset 
of CIA, still significant prevention of bone erosion was observed [97]. Neutralizing 
IL-17 during this stage of CIA resulted in less RANKL positive cells in the synovi- 
um. Furthermore, IL-17 production from activated T cells seems to be required for 
the spontaneous development of destructive arthritis in mice deficient in IL-1 recep- 
tor antagonist [93]. Of interest, a critical role for the synovial IL-17 receptor sig- 
naling pathway in the development of bone erosion was noted using IL-17R -/ ~ mice 
(Lubberts E et al, unpublished observation). On the other hand, local IL-17 over- 
expression in the knee joint of type II collagen immunized mice results in promotion 
of collagen arthritis and aggravates joint destruction (Fig. 4, A-D) [94]. In the col- 
lagen-induced arthritis model it was shown that IL-17 promoted bone erosion 
through loss of the RANKL/OPG balance [95]. Systemic OPG treatment prevented 
joint damage induced by local IL-17 gene transfer in type II collagen-immunized 
mice (Fig. 4, E). In addition, over-expression of IL-17 in the knee joints of naive 
mice results in joint inflammation and bone erosion. IL-17 strongly induces synovial 



Figure 4 

Local over-expression of IL-17 in the knee joint of collagen type II immunized DBA-1 mice 
promotes the formation of TRAP- positive osteoclast- 1 ike cells in areas of subchondral , tra- 
becular and cortical bone erosions 

A - Arthritic knee joint of a mouse five days after intra- articular injection of 10 7 PFU AdCon- 
trol. 

B - Arthritic knee joint of a full-blown collagen-arthritic mouse with approximately the same 
degree of joint inflammation as the IL-17 group, showing TRAP activity in areas of trabecu- 
lar and cortical bone. 

C - Arthritic knee joint of a mouse five days after intra- articular injection of 10 7 PFU Ad IL- 
17, showing TRAP activity in areas of cortical and trabecular bone. 

D - Fligher power images of TRAP+ cells in trabecular bone in the IL-17 group. Note the 
enhanced TRAP activity induced by IL-17 compared with the control groups. 

E - Systemic OPG treatment prevented local IL-17 -induced bone erosion in CIA. 

C, cartilage; sb, subchondral bone; cb, cortical bone; tb, trabecular bone; bm, bone marrow; 
s, synovitis. (Original magnification x 200 in A-C; x 400 in D). This figure is partly adapted 
from [95]. 
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RANKL expression which is at least partly independent of IL-1 (Lubberts E et al, 
unpublished observation). Systemic OPG treatment under these conditions also 
results in protection against bone damage without any effect on joint inflammation. 
These data strongly suggest that IL-1 7 is a potent inducer of RANKL and that the 
IL-17-induced promotion of bone erosion is strongly mediated by RANKL. Fur- 
thermore, it underscores the role of IL-1 7 in enhancement of the joint destructive 
process and makes IL-1 7 an attractive target for the treatment of destructive arthri- 
tis [96]. 



Concluding remarks 

The bone erosion process is strongly regulated by the balance between osteoblast 
and osteoclast activity. In addition to the importance of osteoblast/osteoclast inter- 
action in the induction/regulation of bone erosion within the bone microenviron- 
ment, osteoclast formation through differentiation of monocyte/macrophage pre- 
cursors in the inflamed synovium may strongly contribute to the bone erosion 
process resulting in a bidirectional assault of bone in RA patients. 

The balance between RANKL and OPG strongly regulates the bone erosion 
process. Several cytokines are able to influence this balance through direct or indi- 
rect effect on RANKL or OPG expression. Although OPG treatment is very efficient 
in preventing bone erosion, it is not anti-inflammatory or directly chondroprotec- 
tive. In contrast, suppression of joint inflammation and protection of joint damage 
including bone and cartilage destruction were made using anti-IL-17 and anti-IL-1 
therapy, suggesting anti-IL-1 7/anti-IL-l as a more appropriate therapy for destruc- 
tive arthritis. In addition, IL-1 and IL-1 7 have strong RANKL inducing and replac- 
ing capacities in osteoclast activation. Therefore, in addition to regulation of 
RANKL by OPG, controlling IL-1 7 and IL-l/TNF expression will be of great ther- 
apeutic value in the prevention of joint loss. 
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